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ABSTRACT 
 
Mean winter air temperatures have risen by 2.5˚C over the last 50 years in the 
northeastern U.S., reducing mean annual winter snowpack depth by 26 cm and the 
duration of winter snow cover by four days per decade. Because snow cover insulates soil 
from below-freezing air temperatures, continued declines in snowpack depth are 
projected to be accompanied by colder winter soil temperatures and more frequent soil 
freeze-thaw events. Soil bacteria and fungi will play a significant role in the forest 
ecosystem response to snowpack loss because they are the primary agents that carry out 
soil organic matter decomposition and soil nutrient cycling. Additionally, the effect of 
winter snowpack decline on soil bacterial and fungal communities may act indirectly via 
winter climate change effects on plant roots. The objectives of my dissertation research 
were to first determine the effect that reductions in winter snow cover has on microbial 
exoenzyme activity, microbial respiration, net nitrogen (N) mineralization, and net 
nitrification rates in two mixed-hardwood forests (Harvard Forest, MA and Hubbard 
Brook Experimental Forest, NH). Additionally, I sought to determine the relative role 
  ix 
that abiotic factors (i.e., winter snow cover or soil frost) versus biotic factors (i.e., altered 
root-microbe interactions) contribute to overall changes in soil biogeochemical processes 
as winter snow cover declines. I found that winter snow depth and duration are related 
positively to microbial exoenzyme activity and microbial respiration following snowmelt 
in spring, but this relationship is transient and attenuates into the growing season. By 
contrast, soil freeze-thaw events during winter result in persistent declines in microbial 
oxidative enzyme activity that are not compensated for by warming soils during the 
growing season. Together, these results suggest that loss of winter snow cover will result 
in lower rates of nutrient cycling in northeastern U.S. hardwood forests. Tree roots 
interact with winter snow depth to affect net mineralization and nitrification rates, as well 
as bacterial and fungal community composition. Thus, winter climate change portends a 
reorganization of root-microbe interactions with important consequences for soil 
biogeochemical cycling in mixed hardwood forests of the northeastern U.S.  
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CHAPTER ONE - Introduction 
Dissertation Background 
Recent Climate Change and the Terrestrial Carbon Sink 
 
Human activities, such as burning of fossil fuels and land use change, have 
increased concentrations of carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), 
and water vapor in the atmosphere over the last two centuries (Falkowski et al. 2000, 
Solomon et al. 2009). These potent greenhouse gases trap longwave radiation and warm 
the Earth’s surface and atmosphere.  Human activities emitted 2040 ± 310 Gt CO2 
between year 1750 to 2011, increasing global atmospheric CO2 concentrations from 280 
ppm to more than 400 ppm, with more than half of the CO2 emissions occurring in the 
last 40 years (Hartmann et al. 2013). Consequently, global land and ocean surface 
temperatures have risen an estimated 0.6 to 1.1 °C during the last century. Continued 
human population growth, global industrialization, and ongoing land-cover conversion 
are projected to increase global air and land surface temperature by at least another 2 °C 
by year 2100 (Collins et al. 2013).    
This recent climate change and rise of atmospheric CO2 is unprecedented and 
understanding the effect that these changes will have on terrestrial ecosystems is critical. 
The amount of carbon (C) stored by terrestrial plants and soils is about three times greater 
(~2160 Gt C) than the amount of C stored in the atmosphere (~750 Gt C; Schimel 1995). 
The net balance between CO2 removed from the atmosphere by plants via photosynthesis 
minus the amount of C returned to the atmosphere as CO2 via decomposition of organic 
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matter and respiration determines the size of the terrestrial C sink. Rates of terrestrial 
photosynthesis and respiration are closely balanced and terrestrial plants and soils 
currently remove and store about 2.8 Gt C yr-1 (Le Quere et al. 2014). However, whether 
climate-induced changes in the terrestrial plant and soil C sink will exacerbate or mitigate 
the effects of rising atmospheric CO2 is highly uncertain (Friedlingstein et al. 2006). 
Thus, attempting to understand the effect of climate change on terrestrial plants and soils 
is an active area of research (Groffman et al. 2001a, Ainsworth and Long 2005, Brzostek 
et al. 2012).  
Tree roots are crucial mediators of the terrestrial C sink by directly linking 
aboveground plant productivity and photosynthesis to decomposition and soil carbon (C) 
storage belowground (Dijkstra and Cheng 2007a, Fontaine et al. 2007, De Deyn et al. 
2008). In temperate forests, plants allocate approximately 20% to 60% of gross primary 
production to roots, which release exudates that fuel soil bacterial and fungal metabolism 
(Phillips and Fahey 2006, Litton et al. 2007, Brzostek et al. 2013). Bacteria and fungi in 
turn release enzymes into the environment (i.e., exoenzymes) that breakdown soil organic 
matter and release nutrients that plants use for above- and belowground production 
(Sinsabaugh and Shah 2012). As such, root-microbe interactions mediate soil C and 
nitrogen (N) cycling responses to myriad global change drivers and outcomes, including 
elevated atmospheric CO2 (Drake et al. 2011, Phillips et al. 2011), soil warming (Zhu and 
Cheng 2011, Yin et al. 2013), and changes in precipitation (Dijkstra and Cheng 2007b, 
Zhu and Cheng 2013). 
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Soil bacteria and fungi will play a significant role in the terrestrial ecosystem 
response to ongoing climate change because these organisms are the primary agents that 
decompose soil organic matter, make available nutrients for plant biomass production, 
and release C from the soil organic C pool back to the atmosphere as CO2 (Wang et al. 
2010, Schimel and Schaeffer 2012). Moreover, the ability of soil bacteria and fungi to 
decompose soil organic matter is sensitive to temperature (Davidson and Janssens 2006, 
Manzoni et al. 2012, Bradford 2013, Frey et al. 2013). A unique feature of soil bacterial 
and fungal biological communities is their vast biodiversity – a single soil sample 
typically contains 102 to 106 bacterial and fungal taxa (Torsvik et al. 1998, Fierer et al. 
2007, Taylor et al. 2014). This interesting and unique characteristic leads many 
researchers to ask whether such vast biodiversity has functional significance (Prosser 
2015), especially in the context of ongoing climate change (Wieder et al. 2013). 
The broad objective of my dissertation research was to determine the effects of 
climate change on root-microbe interactions and their influence on soil biogeochemical 
cycles. More specifically, I aimed to understand the role that warmer air temperatures 
throughout the year and winter climate change have on soil microbial communities and 
whether projected declines in winter snow depth and duration will significantly modify 
the distribution of bacterial or fungal taxa present or change microbial functional 
attributes in mixed-hardwood forests of the northeastern US.   
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The Importance of Snow and Projected Changes in Winter Climate 
Snow cover significantly influences soil temperature during cold times of the year in 
mid- and high-latitude locations that experience a seasonal snowpack (Lawrence and 
Slater 2010). Moreover, the interaction between snow cover and soil temperature is 
increasingly recognized as a critical factor affecting terrestrial plant and soil 
biogeochemical cycles (Campbell et al. 2005, Kreyling 2010, Williams et al. 2015) . 
Snow has high surface albedo, high emissivity and absorptivity, as well as low thermal 
conductivity relative to the underlying soil (Zhang 2005). These physical characteristics 
of snow interact and generally produce an insulating effect, increasing mean soil relative 
to mean air temperature during winter. In addition to these physical properties, the 
insulating effect of snow is also determined by the depth of the snowpack, the timing of 
snowpack onset, the duration of snow cover, and air temperature during the cold season 
(Fahey and Lang 1975, Isard and Schaetzl 1998), all of which are sensitive to rising 
winter air temperature.  
Mean winter air temperature has risen by 2.5˚ C in the northeastern U.S. over the 
last fifty years and winter air temperature is projected to increase up to another 2.5˚ C by 
year 2100 (Bailey et al. 2003, Hayhoe et al. 2007). Historically, maximum winter snow 
depth ranged from around 1 m to 2 m in many locations in the northeastern US (Hayhoe 
et al. 2007, Burakowski et al. 2008). Over the last half-century, rising winter air 
temperature in this region has reduced the maximum depth of winter snowpack by 
approximately 26 cm and the duration of winter snow cover by four days per decade 
(Burakowski et al. 2008, Hamburg et al. 2013). If winter snow depth and duration 
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continues to decline as projected, some locations in the northeastern U.S. are projected to 
experience a greater number of soil freeze-thaw events and lower minimum soil 
temperatures during the next century (Campbell et al. 2010, Brown and DeGaetano 
2011).  
Whether or not declining winter snow cover will result in lower winter soil 
temperatures and a greater occurrence of soil freeze-thaw events will be heavily 
influenced by mean air temperature at a given location. Historical observations from mid- 
and high-latitude sites in North America and Europe show that in years with below 
average total annual snowfall, winter soil temperature may actually increase if mean air 
temperature is very near 0 °C (Henry 2008, Kreyling and Henry 2011). By contrast, at 
locations were mean winter air temperature is well below 0 °C (e.g. mean winter air 
temperature is -5 °C), reductions in the depth and duration of snow have been shown to 
lead to colder winter soil temperatures (Henry 2008, Kreyling and Henry 2011). Thus, the 
effect that forthcoming loss of winter snow cover will have on winter soil temperature 
will be site-specific and interact with air temperature during winter.  
 
Winter Climate Change Effects on Soils and Plants 
Observational winter climate studies and snow removal experiments over the last two 
and half decades have begun to reveal the impacts that winter snow and soil frost 
dynamics have on soil bacterial and fungal communities, soil organic matter 
decomposition, and soil nutrient cycling. Deep and persistent snow cover keeps soil 
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temperature above 0° C during winter in temperate forests, resulting in significant 
overwinter microbial biomass production, exoenzyme production and activity, and 
increased ecosystem nitrogen (N) retention following spring snowmelt (Brooks and 
Williams 1999, Lipson et al. 1999, Monson et al. 2006, Judd et al. 2007, Kuhnert et al. 
2012, Ueda et al. 2013). By contrast, below average annual snowfall increases the 
occurrence and duration of soil freezing (Fahey and Lang 1975, Isard and Schaetzl 1998, 
Hardy et al. 2001) and nutrient export following spring snowmelt (Mitchell et al. 1996, 
Fitzhugh et al. 2001, Wipf et al. 2015). Soil freezing has been shown to reduce nutrient 
cycling (i.e., net N mineralization) following soil thaw in forests that have historically 
experienced a continuous winter snowpack in the northeastern U.S. (Neilson et al. 2001, 
Reinmann et al. 2012), perhaps because of the physiological stress to bacteria and fungi 
that is associated with frozen soil (Schimel et al. 2007). Yet, experimental snowpack 
reduction has been to shown to increase, decrease, or have no effect on net N 
mineralization rates (Groffman et al. 1999, Groffman et al. 2001b, Hentschel et al. 2009). 
Therefore, much remains to be learned regarding the impact of snow cover loss on soil 
organic matter (SOM) decomposition and soil nutrient cycling.   
Understanding whether declining winter snow depth affects microbial exoenzyme 
activity significantly could provide insight into winter climate change impacts on soil C 
and N cycling because microbial exoenzymes breakdown SOM, generate dissolved C and 
N, and initiate the rate-limiting first step of N mineralization (Schimel and Bennett 2004). 
If winter snow loss significantly alters soil microbial exoenzyme production and activity, 
then winter snow loss may have large effects on soil nutrient and C pools (Allison et al. 
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2010, Todd-Brown et al. 2012, Wieder et al. 2013). Microbial exoenzymes decompose 
soil organic matter and make available soil nutrients for plant production, as well as 
influence the rate of C transferred from the soil organic matter pool and transferred as 
CO2 back to the atmosphere (Schimel and Weintraub 2003, Melillo et al. 2011, Henry 
2012, Finzi et al. 2015). Soil frost increases C- and N- substrate availability which might 
increase microbial enzyme production following snowmelt (Tierney et al. 2001, Allison 
and Vitousek 2005, Cleavitt et al. 2008, Kuzyakov 2010, Cheng et al. 2014, Schuerings et 
al. 2014). However, frozen soil induces microbial mortality, limits substrate diffusion 
during winter, reducing overwinter biomass and enzyme production, and resulting in 
lower respiration and net N mineralization following soil thaw (Brooks and Williams 
1999, Steinweg et al. 2008, Kuhnert et al. 2012, Reinmann et al. 2012, Ueda et al. 2013). 
Hence, the response of microbial exoenzymes to reductions in winter snow depth and 
duration remains highly uncertain.   
The impact of reductions in winter snow depth on microbial exoenzyme activity and 
community composition may also result indirectly via winter climate change effects on 
plant roots. Winter soil freezing increases overwinter root biomass mortality, decreases 
root health, and decreases root N uptake following snowmelt (Tierney et al. 2001, 
Campbell et al. 2014), which generally increases substrate availability (see above). On 
the other hand, soil freezing has been shown to increase root production later in the 
growing season as a result of compensatory regrowth (Tierney et al. 2001, Cleavitt et al. 
2008). Compensatory root regrowth could increase plant-microbial competition for N and 
lead to reductions in microbial enzyme production and activity (Manzoni et al. 2012, 
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Kuzyakov and Xu 2013) and in turn promote ecosystem nutrient retention and soil C 
storage (Schimel and Weintraub 2003, Allison et al. 2010). Therefore, understanding the 
effects of reductions in winter snow depth and duration on root-microbial interactions 
will be essential for developing predictive models of plant-soil feedbacks to winter 
climate change. 
Dissertation Overview 
The two primary goals of my dissertation research were to (1) determine the 
effect that reductions in winter snow cover have on microbial biomass, exoenzyme 
activity, soil respiration, net N mineralization, and nitrification rates in two mixed-
hardwood forests (Harvard Forest, MA and Hubbard Brook Experimental Forest, NH). 
and  to (2) determine the relative role that abiotic factors (e.g. winter snow cover, soil 
frost, soil temperature, water availability) versus biotic factors (e.g. root-microbe) will 
have in soil biogeochemical cycling and bacterial and fungal community composition as 
winter climate continues to change over the next 100 years.  
To accomplish my first objective, I examined the responses of microbial biomass, 
exoenzyme activity, respiration, net N mineralization, and nitrification rates to winter 
snow removal at two sites with differing snowpack histories (Chapter 2). Harvard Forest, 
MA historically experiences substantial inter-annual variability in snow coverage. In 
comparison, Hubbard Brook Experimental Forest, NH typically experiences continuous 
snow throughout the winter. I found that winter snow depth and duration were positively 
correlated with microbial biomass, exoenzyme activity, and respiration following 
snowmelt at both Harvard Forest and Hubbard Brook, but that relationship did not persist 
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through the growing season. Additionally, winter soil frost depth and duration were 
inversely correlated with microbial biomass, exoenzyme activity, and respiration only at 
Harvard Forest, where the snowpack is thinner. The results from Chapter 2 suggest that 
declining winter snow depth will result in lower microbial activity during spring and may 
potentially lead to asynchrony in the timing of plant relative to microbial phenology.  
The third chapter of my dissertation summarizes a two year study of the impact of 
winter soil freeze-thaw cycles on microbial biomass, exoenzyme activity, net N 
mineralization, and respiration. Mean annual air temperatures have risen by about 1 °C in 
the last 50 years in the northeastern U.S., with air temperatures in winter rising at a faster 
rate than during the growing season. Some individual studies have examined the effect of 
rising temperature by applying soil warming year-round or in the growing season. Others 
determine the effects of rising temperatures on forest ecosystems by reducing winter 
snowpack depth and duration and inducing soil freezing. However, the combined effects 
of warmer soils in the growing season and colder soils in winter on northern forest 
ecosystems are largely unknown. The purpose of the Climate Change Across Seasons 
Experiment (CCASE), located at Hubbard Brook Experimental Forest, NH, U.S.A is to 
evaluate the effects of rising soil temperatures during the growing season, and reduced 
snowpack and increased frequency of soil freeze-thaw cycles in winter, on northern 
hardwood forest ecosystems. The main finding in Chapter 3 is that winter soil freeze-
thaw cycles produce persistent declines in microbial oxidative enzyme activity that may 
partially negate positive feedbacks between warmer soil temperatures and soil organic 
matter decomposition in the future.  
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The objective of Chapter 4 was to separate and attribute direct (e.g. winter snow- 
and soil frost-mediated) from indirect (e.g. root-mediated) effects of winter climate 
change on growing season microbial biomass, the potential activity of microbial exo-
enzymes, and net N mineralization and nitrification rates. Winter snow and soil frost 
depth are inversely related along the elevation gradient at Hubbard Brook Experimental 
Forest, NH, where high elevation sites experience a greater depth and duration of snow 
cover compared to low elevation sites during winter. Consequently, soil frost depth and 
duration is greater at low elevation compared to high elevation sites, creating a natural 
winter climate gradient across the Hubbard Brook valley. I took advantage of this natural 
winter climate gradient and incubated soil cores in the field for up to 29 months which 
were constructed with nylon mesh that either allowed or excluded root ingrowth. I found 
that root ingrowth was positively correlated with winter frost depth and duration. In 
addition, nitrification rates increased within increasing snow depth and duration, however 
root ingrowth exerted significant control on nitrification rates. The results from Chapter 4 
show that declining winter snow depth will result in significant alterations to root-
microbe interactions with important consequences for the soil biogeochemical cycling.  
Chapter 5 extends the findings of the previous chapter by measuring bacterial and 
fungal community composition in the root exclusion and root ingrowth cores along the 
climate gradient at Hubbard Brook Experimental Forest. This work was done to 
determine whether roots indirectly mediate the microbial community composition 
response to declining winter snow cover and whether microbial community composition, 
diversity, or the relative distribution of distinct microbial functional types are related to 
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patterns in exoenzyme activity and soil N cycling along the winter climate gradient at 
Hubbard Brook. I used high-throughput sequencing to identify bacterial and fungal taxa 
present in the root exclusion and root ingrowth cores. Furthermore, fungal taxa were 
assigned to distinct functional guilds (e.g. saprotrophic versus mycorrhizal fungi). I found 
that root ingrowth significantly affected both bacterial and fungal community 
composition and diversity along the climate gradient. Furthermore, root ingrowth affected 
the distribution of fungal functional guilds and the relative abundance of ectomycorrhizal 
fungi was positively correlated with net N mineralization rates.  
Chapter 6 concludes the dissertation with a summary of findings. Generally, I 
found that projected reductions in winter snow depth and duration will likely result in 
lower microbial exoenzyme activity, respiration, net N mineralization, and nitrification. 
Additionally, the effect of declining winter snow cover will interact with tree roots to 
determine the overall effect on soil microbial communities and processes. Future 
directions that will advance winter climate change research include determining whether 
declining winter snow depth affects abiotic oxidation of soil organic matter, how plant C 
allocation is affected by reduced winter snow depth and increased winter soil frost, and 
whether microbial community composition and or functional indirectly mediate the plant 
community response to winter climate change.  
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CHAPTER TWO: Contrasting effects of winter snowpack and soil frost on growing 
season microbial biomass and enzyme activity in mixed hardwood forests 
Abstract 
Winter is recognized as an important time for microbial activity that influences 
biogeochemical cycles. The onset of the winter snowpack in temperate hardwood 
ecosystems has been and will continue to be delayed over the next century. The decline in 
snowpack results in more soil freeze-thaw events and lower winter soil temperatures. 
Understanding microbial responses to varying snowpack conditions is important to 
understanding the effect of climate change on forest ecosystems. To this end, we 
removed snow to simulate a thinner, more ephemeral snowpack at two sites in the 
northeastern US, Harvard Forest (MA) and Hubbard Brook Experimental Forest (NH). 
We then measured microbial and exoenzyme activity in soils following snowmelt and 
three additional time points across the growing season. We found that microbial and 
exoenzyme activity were both positively correlated with the depth and duration of the 
snowpack at each site. The depth and duration of soil frost were negatively correlated 
with microbial biomass, exoenzyme activity and respiration, but only at Harvard Forest 
and not at Hubbard Brook. At both sites the changes in microbial and exoenzyme activity 
were transient and did not persist into the growing season past tree leaf-out. While it is 
possible that reductions in the snowpack and changes to microbial activity in the early 
spring may lead to asynchrony in the phenology of microbial relative to plant activity, it 
is at present uncertain whether and over what time scale this asynchrony may affect other 
forest ecosystem processes.
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Introduction  
Winter is recognized as an important time for microbial activity that influences 
biogeochemical cycles (Kreyling 2010, Groffman et al. 2012, Makoto et al. 2014, 
Williams et al. 2015). In the northeastern US, air temperature has been rising at a faster 
rate in winter (+ 0.7˚C decade-1) compared to summer over the last 40 years (+ 0.1˚C 
decade-1; (Hayhoe et al. 2007) and climate models project that mean annual air 
temperatures will rise an additional 2 to 5 ˚C this century. Warming air temperatures are 
expected to reduce winter snow depth and duration, reduce winter soil temperature, and 
increase the frequency of soil freeze-thaw cycles in this region during the next century 
(Hayhoe et al. 2007, Campbell et al. 2010, Brown and DeGaetano 2011).  
Deep and persistent snow cover keeps soil temperature above 0° C during winter 
in temperate forests, resulting in significant overwinter microbial and exoenzyme 
activity, greater overwinter root survivorship and increased ecosystem nitrogen (N) 
retention following spring snowmelt (Brooks and Williams 1999, Lipson et al. 1999, 
Monson et al. 2006, Judd et al. 2007, Kuhnert et al. 2012, Ueda et al. 2013). By contrast, 
below average annual snowfall and a thin snowpack increases the occurrence and 
duration of winter soil frost (Fahey and Lang 1975, Isard and Schaetzl 1998, Hardy et al. 
2001), increases nutrient export following spring snowmelt (Mitchell et al. 1996, 
Fitzhugh et al. 2001, Wipf et al. 2015). Understanding microbial responses to varying 
snowpack conditions is important to understanding the effect of climate change on forest 
ecosystems. 
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Snow removal at the beginning of winter can be used to simulate a later onset and 
shorter duration of the winter snowpack (Groffman et al. 2001a). The removal of snow in 
turn increases the depth and duration of soil frost (Hardy et al. 2001, Campbell et al. 
2014). Declining winter snow depth increases the number of soil freeze-thaw cycles in 
areas with mean winter air temperature just below freezing because shallow snow cover 
leaves soils more susceptible to spikes in air temperature (Henry 2008, Kreyling and 
Henry 2011). Therefore, microbial responses to snow removal are likely to depend on the 
climate of the study location. 
Winter snow depth at Hubbard Brook Experimental Forest, NH U.S.A is 
positively related to nitrification and denitrification rates (Durán et al. 2014, Morse et al. 
2015). This relationship is most apparent immediately following snowmelt and attenuates 
later into the growing season. Snow removal increases dissolved C and N in soil solution, 
but has been shown to have variable effects, including increases, decreases and no change 
in rates of net N mineralization (Groffman et al. 1999, Fitzhugh et al. 2001, Groffman et 
al. 2001, Groffman et al. 2011). Studying the effect of snow removal on microbial 
exoenzyme activity could provide insight into this varying response because microbial 
exo-enzymes breakdown soil organic matter (SOM), generate dissolved C and N, and 
initiate the rate-limiting first step of N mineralization (Schimel and Bennett 2004). At 
Harvard Forest, MA U.S.A, microbial exoenzyme activity is highest under winter snow 
cover, but spring snowmelt leads to short-term reductions in the temperature sensitivity 
and activity of microbial exoenzymes (Drake et al. 2013). Hence, continued long-term 
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declines in winter snow cover may lead to transient reductions in microbial exoenzyme 
activity following snowmelt during spring. 
The objective of this study was to determine the effect of snow removal on 
microbial exoenzyme activity, biomass, and respiration, extracellular enzyme activity, net 
mineralization and nitrification at two forested sites, Harvard Forest and Hubbard Brook 
Experimental Forest. The sites were selected because they differ in winter air temperature 
and snowpack. At Harvard forest, minimum winter air temperature is around 5 oC 
warmer than at Hubbard Brook. Similarly, the snowpack at Harvard Forest is of shorter 
depth and duration compared to the snowpack at Hubbard Brook (Bailey et al. 2003, 
Giasson et al. 2013, Reinmann and Templer 2015).I tested three hypotheses: (1) 
increasing soil frost depth and duration decreases microbial and exoenzyme activity; and 
(2) microbial and exoenzymatic responses to snow removal are transient and limited to 
the early growing season. Because the forest floor is exposed to freezing temperatures 
more than the mineral soil horizon, we expected that microbial communities in the forest 
floor are more likely adapted to a greater frequency of soil frost compared to 
communities in the mineral soil horizon (Wallenstein and Hall 2012). Therefore, we also 
hypothesized that (3) the decline in microbial biomass and exoenzyme activity due to 
snow removal would be greater in the mineral soil horizon compared to the forest floor.  
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Methods 
Field Site Description 
 Harvard Forest is a Long-Term Ecological Research (LTER) site located in 
central Massachusetts, USA (42.28° N, 72.10° W). Mean annual precipitation is 1120 
mm and is distributed evenly throughout the year (Magill et al. 2004). Mean annual air 
temperature is 7.1˚C at Harvard Forest (Curtis et al. 2002) and ranges from an average 
minimum of -7˚C in January to an average maximum of 19˚C in July (Magill et al. 2004). 
Mean air temperature from December through March was 1.5 ˚C from 1964 to 2002 
(Boose and Gould 1999). The winter snowpack often develops by late December, is most 
often intermittent, and usually melts by early April. Soils at Harvard Forest are acidic (pH 
5.5) Typic Dystrochrepts underlain by granite-schist-gneiss bedrock. Forest stands in this 
study were dominated by mixed-deciduous species consisting mostly of red oak (Quercus 
rubra) or red maple (Acer rubrum) with some eastern hemlock (Tsuga canadensis) in the 
canopy, as well as American beech (Fagus grandifolia) in the understory.   
Hubbard Brook Experimental Forest is a LTER site located in the White 
Mountain National Forest in central New Hampshire, USA (43.56˚ N, 71.45˚ W). 
Precipitation is evenly distributed throughout the year and averages 1220 mm annually, 
one-third of which occurs as snow during the winter (Bailey et al. 2003). Mean annual air 
temperature is 6.4˚C and ranges from an average minimum of -12˚C during January to an 
average maximum of 19˚C during July (Bohlen et al. 2001, Bailey et al. 2003). Mean air 
temperature from December to March was -4 ˚C from 1955 to 2012.  A continuous 
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snowpack of 70 cm to 100 cm depth typically develops each year by late December and 
persists until late April. In years with below-average snowfall, the duration of soil frost 
can last from December through April or May in this region (Fahey and Lang 1975). 
Mean soil frost depth is 5.8 cm over the last 50 years, ranging annually 0 cm to 25 cm 
below the soil surface (Campbell et al 2010). At Hubbard Brook, mean winter air 
temperature has risen by 2.5˚ C, the maximum depth of winter snowpack has declined by 
approximately 26 cm, and the duration of winter snow cover has declined by four days 
per decade during the last half-century (Bailey et al. 2003, Burakowski et al. 2008, 
Hamburg et al. 2013). The soils at Hubbard Brook are acidic (pH 3.9) Typic Haplorthods. 
Hubbard Brook is characterized as northern hardwood forest and sites used in this study 
were dominated by sugar maple (Acer saccharum) and yellow birch (Betula 
alleghaniensis) in the canopy with an understory composed of mostly American beech 
(Fagus grandifolia). 
Winter Climate Treatments and Experimental Design 
Six 13 m x 13 m field plots (3 snow removal and 3 reference) were established at 
Harvard Forest during the growing season of 2010 and snow removal treatments were 
applied from winter 2010/2011 through 2012/2013 (Reinmann and Templer 2015). Eight 
13 m x 13 m field plots (4 snow removal and 4 reference) were established at Hubbard 
Brook in 2007 and snow removal treatments were applied from winter 2008/2009 
through 2012/2013 (Templer et al. 2012, Comerford et al. 2013, Campbell et al. 2014). 
Soil freezing was induced at each field site by removing snow via shoveling within 48 
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hours after each snow event for the first four to six weeks of winter to simulate an 
anticipated later onset of winter snow cover over the next century (Hayhoe et al. 2007). 
Snow was allowed to accumulate in the snow removal treatment plots after the shoveling 
period.  
We did not remove snow for the entire winter to minimize effects of snow 
removal on moisture availability. A 3 to 5 cm base layer of snow remained following 
snow removal to maintain surface albedo and to minimize disturbance to the forest floor 
that could result from removing snow. Snow removal did not cause differences in  soil 
moisture content in the soil samples we collected nor did snow removal cause differences 
in soil bulk density among plots (Campbell et al. 2014). Low total snowfall at both 
Harvard Forest and Hubbard Brook in 2011/12, and a late developing snowpack at 
Harvard Forest in winter 2012/2013, reduced the duration of the shoveling period to two 
weeks. 
Snow depth was measured at Harvard Forest in four locations in each plot using 
meter sticks inserted vertically into the soil and affixed to stakes aboveground. Snow 
depth was measured following snow events with > 2 cm accumulation during the 
treatment period and bi-weekly thereafter through snowmelt. Snow depth was measured 
at Hubbard Brook using a Mt. Rose snow corer. Soil frost depth was measured using frost 
tubes constructed of PVC tubing filled with methylene blue dye (Rickard and Brown 
1972), which were inserted into PVC casings 50 cm below the soil surface at four 
locations within each plot at each field site.  
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Soil Sampling and Edaphic Properties 
 Soil samples were collected from both Harvard Forest and Hubbard Brook on four 
dates in 2012 and 2013. Soils were collected following snowmelt, but prior to tree leaf-
out (April), following tree leaf-out (May), during mid growing-season (August), and post 
autumn senescence (October). These dates were chosen to capture microbial responses to 
snow removal during contrasting aboveground phenological stages. Snowmelt and 
aboveground phenology advances earlier in the spring at Harvard Forest compared to 
Hubbard Brook because Hubbard Brook is at higher latitude (43.56˚ N compared to 
42.28° N at Harvard Forest). Therefore, soils were collected approximately two weeks 
earlier at Harvard Forest compared to Hubbard Brook in both 2012 and 2013 to offset 
temporal differences in phenological progression during spring.  
I collected three forest floor samples (Oa/A-horizon) per plot at each field site on 
each sampling date using a 10 cm x 10 cm frame to define the horizontal and vertical face 
of the forest floor sample. Mineral soils (B-horizon, 0-15 cm) were sampled directly 
below the forest floor using a 5 cm diameter bulk density corer. Three hundred and thirty 
six soils were collected during the growing season in each year of our study (14 plots x 3 
replicate cores per plot x 2 soil horizons x 4 sampling dates = 336 cores per year for 2012 
and 2013). Soils were kept cool on ice while being transferred from the field to Boston 
University. Samples were homogenized using 2 mm mesh sieves and all microbial 
activity assays were performed on homogenized soils (< 2 mm fraction).I determined the 
mass (kg m-2) of each soil horizon on each sampling date, soil pH in a 1:2 w/vol of soil to 
nanopure water soil slurry (Robertson et al. 1999) for samples collected in April 2013, 
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and soil C and N content via flash combustion on a Thermoquest NC 2500 autoanalyzer 
for samples collected in May 2012 and April 2013.  
Microbial Biomass C and N  
Microbial biomass C was measured via the substrate induced respiration method 
by placing 10 g soil into 500 mL air-tight canning jars and evenly dispersing a 2 mg 
glucose g soil-1 solution over each soil. The soil slurry was incubated at 20 ˚C for one 
hour while shaking, after which time the linear accumulation of CO2 was measured over a 
three hour period using an EGM 4 portable infra-red gas analyzer (PP Systems; 
Amesbury, MA).We converted the respiration rate to microbial biomass C using 
according to Anderson and Domsch (1978), 
(1) Microbial Biomass C (μg C per g soil) = 40.04(x) + 0.37 
where x = respiration rate (ug C-CO2 g soil 
-1 hour -1) in each incubation jar. 
 Microbial biomass N was determined using the chloroform-incubation method 
(Brookes et al. 1985). Two subsamples (5 g forest floor or 10 g mineral soil for each 
subsample, respectively) of each field-collected soil were placed in 50 mL centrifuge 
tubes. The To subsample was immediately extracted in 40 mL 0.5M K2SO4 and gravity 
filtered (Whatman #1 filter paper) after shaking at 125 rpm for 1 hour. The Tf subsample 
was fumigated with amylene-stabilized chloroform for seven days; after which time the 
Tf subsample was extracted as described above. Total N in the extracts was converted to 
NO3
- by mixing 2.5 mL of each K2SO4 extract in 7.5 mL persulfate solution and 
autoclaving (Cabrera and Beare 1993). The amount of NO3-N in each digested sample 
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was determined colorimetrically by measuring the absorbance (λ = 540 nm) of three 
analytical replicates using a Versamax microplate spectrophotometer (Molecular 
Devices, LLC; Sunnyvale, CA; (Doane and Horwath 2003). Microbial biomass N (μg N 
g dry soil-1) was calculated as the difference in NO3-N concentration between the Tf and 
To persulfate-digested extracts and corrected for water content in the soil. We did not 
apply an extraction efficiency correction factor to the microbial biomass N values that 
were measured. 
 
Extracellular Enzyme Activity 
  The proteolytic enzyme pool size was determined at native substrate 
concentration within 48 hours of field-collection by incubating two subsamples (2 g 
forest floor and 2 g mineral soils in each subsample) of soil in 50 mL centrifuge tubes for 
four hours. Five mL of a tri-chloroacetic acid (TCA) solution and 0.4 mL toluene were 
added to each To subsample, which were immediately extracted in 15 mL 0.05 M sodium 
acetate buffer (pH 5) and filtered through #1 Whatman filters. The addition of toluene 
prevents microbial uptake of free amino acids and the TCA solution sterilizes the solution 
(Watanabe and Hayano 1995). The Tf  subsample was incubated in 15 mL 0.05 M sodium 
acetate buffer and 0.4 mL toluene for 4 hours while shaking at 125 rpm. TCA (5 mL) 
solution was added to each Tf sample after 4 hours to halt proteolytic activity and the soil 
slurries were filtered as stated above. Amino acid concentration in each extract was 
quantified on a Gemini XS microplate fluorometer (Molecular Devices; Sunnyvale, CA) 
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using the OPAME method (Jones et al. 2002). The mean fluorescence of three analytical 
replicates was converted to N concentration by comparing the mean fluorescence to a 
known concentration of glycine. Native proteolytic enzyme activity (μg N g soil-1 hr-1) 
was then calculated as the difference in the mass of amino acid N found between the Tf 
and To extracts, divided by the incubation time (4 hours).    
  Two oxidative enzymes (phenol oxidase and peroxidase) associated with the 
breakdown of recalcitrant soil organic C were measured on each sampling date. 
Logistical contraints associated with the large number of soils collected on each date 
required that oxidative enzyme activity be measured using a subsample of soil which had 
been frozen at -20° C. There are not clear or discernable patterns associated with storage 
temperature prior to oxidative enzyme activity analysis. If storage temperature effects are 
detected, the direction of the effect is not systematic, but rather ecosystem, soil type, and/ 
or specific to the enzyme being measured (Burns et al. 2013). Likewise, freezing soils at -
20° C has been shown to result in no systematic change in oxidative enzyme activity, 
although it may increase assay variability (DeForest 2009) and may have limited our 
ability to detect differences across snow removal treatments. Lastly, because assay 
conditions greatly influence the enzyme activities that are measured (German et al. 2011), 
the oxidative activities are relative as opposed to absolute enzyme activity. 
 A soil slurry of 1.5 g soil in 100 mL 50 mM sodium acetate buffer was mixed on 
a stir plate for 1 minute. Eight 200 μL analytical replicates were aliquoted onto 96-well, 
clear flat-bottom microplates along with 50 μL 25 mM L-DOPA. Oxidative enzyme 
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activity was determined colorimetrically (λ = 460 nm) after a four hour incubation period 
at 20 ˚C using a Spectramax microplate spectrophotometer (Saiya-Cork et al. 2002).  
C and N Mineralization 
Rates of net N mineralization and microbial respiration were measured in air-tight 
500 mL canning jars that were kept in the dark for 28 days. Two 20 g subsamples of each 
field-collected soil were placed in separate jars. A To subsample was extracted within 48 
hours of field-collection in 100 mL 2M KCl. A Tf subsample was placed into an air-tight 
500 mL canning jar that was fitted with a rubber septa which permitted gas sampling. 
Microbial respiration was measured on day three of the incubation by first opening each 
jar to vent out all accumulated CO2, then sealing the jars and sampling 5 mL of the jar 
headspace at hourly intervals over a three hour period. The gas samples were injected 
onto an EGM-4 portable infrared gas analyzer (PP-Systems, Amesbury, MA) to 
determine the rate of microbial respiration (μg C-CO2 g soil-1 hr-1).  The Tf incubation 
jars were extracted as stated above after incubating for 28 days. The concentrations of 
NH4
+ and NO3
-
 
  in the Tf extracts were determined colorimetrically by measuring the 
absorbance of three analytical replicates using a Versamax microplate spectrophotometer 
(Molecular Devices; Sunnyvale, CA; Doane and Horwath 2003; (Sims et al. 1995). Net N 
mineralization (μg N g soil-1 day-1) was calculated as the difference in NH4+ plus NO3- 
measured in the Tf and To subsamples, correcting for the water content of the soils, and 
divided by the incubation period.  
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Statistical Analyses 
All statistical analyses were conducted using R v. 2.11.1 (R Development Core 
Team 2010). The experimental units in our study were the fourteen plots at our two field 
experiments. We averaged replicate snow or frost depths measurements and soil or 
microbial measurements made within each plot to obtain one plot mean on each sampling 
date. The plot mean was then used in each statistical analysis. Snow and soil frost depths 
measured from 2008 to 2013 at Hubbard Brook and from 2010 to 2013 at Harvard Forest 
were binned at fifteen day intervals to calculate an average snow and frost depth across 
snow removal treatments for the duration of each field study. The area under the curve 
(AUC) of either snow or soil frost depth (y-axis) versus time (x-axis) was determined for 
each plot using the using the R package ‘pracma’ (Borchers 2011). This allowed us to 
integrate both the depth and duration of either snow or soil frost into a single, continuous 
variable (Durán et al. 2014). The soil frost AUC was calculated for each soil horizon 
(forest floor and mineral soil) independently, taking into account the forest floor depth in 
each field plot. A two factor analysis of variance (ANOVA) was used to determine the 
effect of snow removal treatment and field site on snow or soil frost across the duration 
of each experiment and for winters 2011/2012 and 2012/2013, which were the winters 
prior to soil collection in the current study. 
Soil mass, total CN, soil pH, and each microbial response were averaged across 
sampling dates and the effect of the snow removal treatment was assessed using separate 
mixed-effects models. Field plot nested in treatment was the random-effect in the model, 
allowing us to account for repeated sampling and estimate the proper degrees of freedom 
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in the denominator error term. For both responses averaged across and also within 
sampling dates, the relationship between snow or frost depth AUC and each microbial 
response was determined by calculating the marginal R2 and conditional R2 of separate 
mixed-effects models. The marginal R2 is a measure of the variation in the response 
variable explained by the fixed-effect in the model, whereas the conditional R2 is a 
measure of the variation explained by both the fixed and random-effects (Nakagawa and 
Schielzeth 2013).  The fixed-effect in the model was either snow or frost AUC measured 
in either 2012/2012 or 2012/2013. Field plot was the random-effects in each mixed-
effects model. The extent to which other site or plot specific factors, such as soil C:N 
ratio, soil pH, or volumetric water could explain variation in either microbial responses 
averaged across sampling dates or within sampling dates was also assessed by calculating 
the marginal R2 of each of those factors. Statistically significant differences across groups 
and/or relationships between factors and outcomes were in inferred if P ≤ 0.05 P-values 
less than  0.10 were used to indicate marginal differences among relationships (Murtaugh 
2014). 
Results 
Site Characteristics and Depth and Duration of Winter Snow and Soil Frost 
 Soil pH was generally lower and soil C:N was greater in the forest floor at 
Harvard Forest compared to Hubbard Brook (Table 2.1). Mean maximum winter snow 
depth was greater (F1,10 = 575,  P ≤ 0.001) in the reference compared to snow removal 
treatment plots at Hubbard Brook (Figure 2.1). Maximum snow depth did not differ 
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between reference and treatment plots at Harvard Forest (Figure 2.1). Snow removal 
increased the depth and duration of soil frost at both field sites (F1,10 = 46.30,  P ≤ 0.001).  
At both field sites, snow depth AUC was greater in winter 2012/2013 than 
2011/2012 and generally greatest in reference plots at Hubbard Brook (Figure 2.2a). In 
winter 2011/2012 there were only 14 days with measureable snow on the ground at 
Harvard Forest. The entire forest floor horizon froze at both Hubbard Brook and Harvard 
Forest in both winters of this study. In the warmer 2011/2012 winter, the duration of 
forest floor frost was not different between snow removal and reference plots at either 
site. In the colder 2012/2013 winter, snow removal increased the duration of frost by 14 
days at Hubbard Brook (Figure 2.2b). In the mineral soil, frost AUC increased with snow 
removal at Hubbard Brook, but not at Harvard Forest (Figure 2.2c).  
Microbial Responses to Snow Removal 
There were no growing-season wide effects of snow removal on microbial and 
exoenzyme activity (Table 2.2). The only exceptions were phenol oxidase and peroxidase 
activities, which were both higher in the forest floor in the snow removal compared to the 
reference plots at Harvard Forest (R2 marginal = 0.24; P <0.05; Table 2.2); but this pattern 
was related positively to water availability differences among plots (R2 marginal = 0.28; P 
<0.05), rather than due to the snow removal treatment. 
There were some differences in microbial activity following snowmelt (i.e. April 
sampling). At the April sampling date, snow depth AUC in the forest floor horizon was 
positively correlated with microbial biomass N at Harvard Forest (R2 marginal = 0.89; P < 
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0.01; Figure 3a) and at Hubbard Brook (R2 marginal = 0.16; P < 0.10; Figure 2.3c), 
proteolytic enzyme activity at Hubbard Brook (R2 marginal = 0.12; P < 0.05; Figure 2.3g), 
oxidative enzyme activity at both Harvard Forest (R2 marginal = 0.47; P < 0.05; Figure 2.3i) 
and Hubbard Brook (R2 marginal = 0.32; P < 0.05; Figure 2.3k), and to microbial respiration 
at both Harvard Forest (R2 marginal = 0.43; P < 0.05; Figure 2.3m) and Hubbard Brook (R
2 
marginal = 0.32; P < 0.05; Figure 2.3o). By contrast, soil frost AUC in the forest floor was 
negatively correlated with microbial biomass N (R2 marginal = 0.68; P < 0.01; Figure 2.3b), 
phenol oxidase activity (R2 marginal = 0.30; P < 0.05; Figure 2.3j), and microbial respiration 
(R2 marginal = 0.51; P < 0.05; Figure 2.3n) at Harvard Forest. Soil frost AUC in the forest 
floor was not related to microbial biomass or activity at Hubbard Brook.  
In the mineral soil horizon, snow depth AUC was positively correlated with April 
microbial biomass N at Harvard Forest (R2 marginal = 0.53; P < 0.01; Figure 2.4a) and 
Hubbard Brook (R2 marginal = 0.42; P < 0.05; Figure 2.4c), proteolytic enzyme activity at 
Harvard Forest (R2 marginal = 0.29; P < 0.01; Figure 2.4e) and Hubbard Brook (R
2 marginal = 
0.47; P < 0.01; Figure 2.4g), phenol oxidase activity at Harvard Forest (R2 marginal = 0.30; 
P < 0.05; Figure 2.4i), and microbial respiration at Hubbard Brook (R2 marginal = 0.65; P < 
0.05; Figure 2.4o). Soil frost AUC in the mineral soil was negatively correlated with 
microbial biomass N (R2 marginal = 0.47; P < 0.01; Figure 2.4b) and proteolytic enzyme 
activity at Harvard Forest only (R2 marginal = 0.30; P < 0.01; Figure 2.4f). Soil frost AUC 
in the mineral soil was not related to microbial biomass or activity at Hubbard Brook.  
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Discussion 
 Warming winters have been associated with decreased depth and duration of 
winter snow cover across eastern North American Forests (Burakowski et al. 2008, 
Hamburg et al. 2013). These changes in climate are anticipated to further accelerate 
snowpack declines over time (Hayhoe et al. 2007, Henry 2008, Brown and DeGaetano 
2011, Kreyling and Henry 2011). We used snow removal as an approach to simulate the 
effect of winter climate change on microbial and exoenzyme activity. As expected, snow 
removal increased the depth and duration of soil frost, particularly at Hubbard Brook 
(Figure 1, 2). At Harvard Forest, the negative correlations between soil frost and 
microbial biomass, proteolytic rate and oxidative enzyme activity is consistent with 
hypothesis 1 (Figure 2.3, 4). These relationships between soil frost and microbial biomass 
and activity were not, however, observed at Hubbard Brook and thus, we reject this 
hypothesis for this site. Consistent with hypothesis 2, we found the strongest microbial 
and exoenzymatic responses early in the growing season (i.e. April), with those effects 
not persisting across the growing season (Table 2). We largely reject hypothesis 3 
because microbial responses to soil frost were more strongly manifested in the forest 
floor compared to mineral soil horizon at both sites (Figure 2.3, 4). This study 
demonstrates that microbial and exoenzyme activity is sensitive to winter climate change 
and suggests that soil freezing has negative impacts on vernal microbial activity at sites 
where the snow pack is thin or intermittent. 
 We stored soil samples at -20 °C prior to analysis of oxidative exoenzyme 
activity. This approach raises the possibility that sample handling affected oxidative 
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exoenzyme activities. We note however that all samples were handled in the same 
manner so any bias in the rates of oxidative enzyme activity introduced by sample 
handling is consistent among the samples. We also note that the variations in exoenzyme 
activity reported here are consistent with a logical set of controls that operate in different 
ways at the two study sites (see below). We cannot exclude the possibility of storage 
artefacts, but as noted elsewhere the effects of freezing on oxidative enzyme activity are 
at best equivocal (DeForest 2009, Burns et al. 2013) and there is substantial precedence 
in using this sample-handling protocol. Moreover, proteolytic enzyme activity, microbial 
biomass, microbial respiration, net mineralization and nitrification rates were measured 
on fresh soils. Thus, we  believe the patterns in microbial and exoenzyme activity 
reported here are representative of microbial responses to reductions in winter snowpack. 
Variation in air temperature prior to and during the snow removal period, episodic 
and seasonal snowfall totals, and the timing of snowpack onset result in significant year-
to-year differences in the magnitude of the snow removal treatment across studies 
(Fitzhugh et al. 2001, Cleavitt et al. 2008, Templer et al. 2012, Campbell et al. 2014). In 
this study, we induced only about a 10% reduction in snow depth AUC with snow 
removal in 2011/2012, but around a 50% reduction in the 2012/2013 winter at Hubbard 
Brook (Figure 2). While climate variability could be viewed as a potential limitation for 
interpreting our results, we took advantage of this year-to-year variation to assess 
microbial and exoenzyme activity across a gradient of snow and soil frost conditions at 
each site (Figure 2.3, 2.4). Using this approach we found that microbial and exoenzyme 
activity at Harvard Forest and Hubbard Brook were positively correlated with snow depth 
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AUC whereas the negative effect of soil frost was only evident at Harvard Forest. These 
observations are consistent with Wipf et al. (2015) who demonstrated that the rate of 
microbial respiration declines more with increasing freeze-thaw cycles in soils that 
experience a shallow, ephemeral snow cover compared to soils with deep continuous 
snow cover. It is also consistent with observations across Canada showing that mild 
winters increase the number of freeze-thaw events (Henry 2008), particularly at sites 
where the mean winter air temperature is very near 0 oC. 
At both study sites the effects of snow or frost depth AUC on microbial activity 
were limited to the spring and not later in the growing season. This result is consistent 
with previous research at Hubbard Brook and Harvard Forest (Drake et al. 2013, Durán et 
al. 2014, Morse et al. 2015) and in other mixed hardwood forests (Boutin and Robitaille 
1995, Aanderud et al. 2013), as well as alpine and arctic tundra sites experiencing 
seasonal snow cover (Brooks et al. 1998, Lipson et al. 1999, Wallenstein et al. 2009).We 
hypothesize that microbial community succession following snowmelt (Nemergut et al. 
2005, Schmidt et al. 2007) combined with soil rising temperatures during spring and 
compensatory root growth induced by snow removal (Tierney et al. 2001) allow for rapid 
recovery of microbial activity as the growing season progresses.  
 Previous studies and syntheses have suggested that microbial activity is sensitive 
to changes in temperature in soils that have historically experienced low temperature 
variability (Waldrop and Firestone 2006, Conant et al. 2011, Wallenstein and Hall 2012). 
The negative effect of soil frost on microbial and exoenzyme activity was more common 
in the forest floor than in the mineral soil at Harvard Forest (Figure 2.3, 2.4). This pattern 
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suggests that the microbial communities in the horizons that freeze regularly are no more 
adapted than those deeper in the soils to the cycles of soil freeze-thaw. It may be that 
freezing and thawing imposes too great a physiological burden on microbes (e.g., gains 
and losses of osmolytes, (Schimel et al. 2007) such that microbes die in response to 
repeated freeze-thaw events. This may also explain why soil frost at Hubbard Brook 
neither affected microbial activity in the forest floor nor mineral soil horizon. At Hubbard 
Brook and nearby locations, once soil frost sets in it does not usually disappear until 
following spring snowmelt (Fahey and Lang 1975). Conversely, the surface organic 
horizon cycles between a frozen and thawed state repeatedly in years with little or no 
snow cover at Harvard Forest. 
Conclusions 
In the last 50 years the onset of the winter snowpack in the northeastern U.S. has 
been delayed an average of 1.7 days per decade and spring snowmelt has occurred on 
average 4.7 days earlier per decade (Hamburg et al. 2013). These changes are associated 
with a thinner snowpack that increases the frequency and intensity of soil frost (Campbell 
et al. 2010). We find that variations in the snowpack have a direct positive effect on 
microbial and exoenzyme when the snow pack is deep. When it is thin or transient, 
changes to the snowpack negatively affect microbial processes indirectly via changes in 
soil frost and in this study this pattern was limited to Harvard Forest. These changes are, 
as others have previously observed, relegated to the early growing season following 
snowmelt. While it is possible that reductions in winter snow depth and changes to 
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microbial activity in the early spring might lead to asynchrony in the phenology of 
microbial relative to plant activity (Groffman et al. 2012), it is at present uncertain 
whether and over what time scale this asynchrony may affect other forest ecosystem 
processes
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Table 2.1 Soil physical and chemical characteristics measured at Harvard Forest and 
Hubbard Brook. Different letters indicate statistically different means (Harvard Forest n= 
3 reference and 3 snow removal plots, Hubbard Brook n= 4 reference and 4 snow 
removal plots) across sites and treatments in the forest floor or mineral soil (P ≤ 0.05). 
Error is standard error of the mean. 
 
 
 
 
 
 
 
 
    
Harvard Forest Hubbard Brook 
  
Soil Horizon Soil Property Reference 
Snow  
Removal Reference 
  Snow  
Removal 
Forest Floor Mass (kg m-2) 9.8 ± 0.4 11.6 ± 1.2 9.7 ± 1.0 9.3 ± 0.6 
 Soil pH 3.6b ± 0.2 3.6b ± 0.1 4.0ab ± 0.1 4.2a ± 0.1 
 Total C (g m-2) 3610 ± 227 3356 ± 428 2526 ± 200 3110 ± 436 
 Total N (g m-2) 137.8 ± 8.6 134.0 ± 14.6 123.6 ± 7.2 147.9 ± 21.3 
 soil C:N 26.2a ± 0.1 25.0a ± 0.7 20.4b ± 0.5 21.1b ± 0.5 
Mineral Mass (kg m-2) 22.5 ± 1.9 22.9 ± 1.7 19.0 ± 1.0 18.9 ± 0.6 
 Soil pH 4.8b ± 0.0 4.6b ± 0.1 4.3a ± 0.1 4.5a ± 0.1 
 Total C (g m-2) 992 ± 73 954 ± 146 1351 ± 92 1277 ± 55 
 Total N (g m-2) 53.1 ± 3.3 51.8 ± 2.4 65.8 ± 4.3 59.9 ± 2.8 
 soil C:N 18.7 ± 0.4 18.3 ± 2.2 20.5 ± 0.3 21.4 ± 0.4 
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Table 2.2 Microbial biomass, enzyme activity, and process rates within the forest floor and mineral soils (Harvard Forest n= 3 
reference and 3 snow removal plots, Hubbard Brook n= 4 reference and 4 snow removal plots). Means across all sampling 
dates in 2012 and 2013 with standard error are presented. Different letters indicate statistically significant different means (P ≤ 
0.05).  
 
 
   Harvard Forest  Hubbard Brook 
Soil  Microbial Response Variable Reference Snow Removal Reference Snow Removal 
Forest Floor Mic Biomass C (μg C g soil-1) 1072 ± 69 1130 ± 65 1230 ± 77 1051 ± 56 
 Mic Biomass N (μg N g soil-1) 367 ± 32 442 ± 27 488 ± 26 449 ± 22 
 Proteolysis (μg N g soil-1 hr-1) 113 ± 17 134 ± 18 146 ± 17 115 ± 11 
 Phenol Oxidase (μmol g soil-1 hr-1) 1.3b ± 0.10 2.2a ± 0.20 1.4b ± 0.10 1.0b ± 0.10 
 Peroxidase (μmol g soil-1 hr-1) 2.0b ± 0.10 2.8a ± 0.20 2.3b ± 0.20 1.9b ± 0.10 
 Respiration (μg C-CO2 g soil-1) 4.5a ± 0.20 4.7a ± 0.30 3.6b ± 0.20 3.5b ± 0.20 
 Nitrification (μg N g soil-1 day-1) 0.0b ± 0.01 0.0b ± 0.01 1.6a ± 0.30 1.8a ± 0.30 
 Net Mineralization (μg N g soil-1 day-1) 2.0b ± 0.30 2.4b ± 0.3 9.9a ± 0.60 8.6a ± 0.60 
      
Mineral  Mic Biomass C (μg C g soil-1) 201 ± 30 196 ± 24 242 ± 21 242 ± 26 
 Mic Biomass N (μg N g soil-1) 43.9b ± 5.0 46.8b ± 6.0 71.4a ± 5.0 56.3ab ± 3.0 
 Proteolysis (μg N g soil-1 hr-1) 10.1 ± 2.10 9.9 ± 2.10 11.3 ± 1.70 9.8 ± 1.00 
 Phenol Oxidase (μmol g soil-1 hr-1) 0.4 ± 0.10 0.6 ± 0.10 0.4 ± 0.10 0.5 ± 0.10 
 Peroxidase (μmol g soil-1 hr-1) 0.7 ± 0.07 0.8 ± 0.10 0.8 ± 0.10 0.9 ± 0.10 
 Respiration (μg C-CO2 g soil-1) 0.6 ± 0.04 0.7 ± 0.10 0.7 ± 0.10 0.7 ± 0.10 
 Nitrification (μg N g soil-1 day-1) 0.1b ± 0.01 0.1b ± 0.10 0.5a ± 0.10 0.4a ± 0.10 
 Net Mineralization (μg N g soil-1 day-1) 0.2b ± 0.10 0.3b ± 0.01 1.1a ± 0.10 0.9a ± 0.10 
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Figure 2.1 Mean snow (≥ 0 cm) or frost depth (≤ 0 cm) in snow removal and reference 
plots at Harvard Forest and Hubbard Brook was calculated in 15 day intervals over the 
duration of each field experiment (Harvard Forest - 2010/11- 2012/13 and Hubbard 
Brook - 2008/09 to 2012/13) and is depicted by the filled (snow removal) or open 
(reference) circles. Error bars are ±1 standard error of the mean depth in each interval 
across treatment years (Harvard Forest - 3 years, Hubbard Brook - 5 years).  
 
 
 37 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2 Snow depth and duration (a) at Harvard Forest and Hubbard Brook during 
winter 2011/2012 and 2012/2013. Frost depth and duration is shown for (b) the forest 
floor and (c) the mineral soil horizon. Means were calculated across snow removal and 
reference plots at each site and error bars are ±1 standard error of the mean. Distinct 
letters across bars within a year indicate statistical differences among treatments among 
the each site. 
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Figure 2.3 Reference (open) and snow removal (filled) plot means for soils sampled from 
the forest floor in April 2012 (triangle) and April 2013 (circle). To account for repeated 
sampling across years, summary statistics were estimated using mixed-effects models 
where plot was the random-effect (error d.f. Harvard Forest = 4, error d.f. Hubbard Brook 
= 6). Significant linear relationships are shown by the black dotted trend-line. The gray 
dotted trend-line depicts the 95% confidence interval of the slope. 
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Figure 2.4 Reference (open) and snow removal (filled) plot means for soils sampled from 
the mineral soil horizon in April 2012 (triangle) and April 2013 (circle). To account for 
repeated sampling across years, summary statistics were estimated using mixed-effects 
models where plot was the random-effect (error d.f. Harvard Forest = 4, error d.f. 
Hubbard Brook = 6). Significant linear relationships are shown by the black dotted trend-
line. The gray dotted trend-line depicts the 95% confidence interval of the slope. 
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CHAPTER THREE – Winter soil freeze-thaw cycles produce persistent declines 
in microbial oxidative enzyme activity 
Abstract 
Mean annual air temperatures have risen by about 1 °C in the last 50 years in the 
northeastern U.S., with air temperatures in winter rising at a faster rate than during the 
growing season. Some individual studies have examined the effect of rising temperature 
by applying soil warming year-round or in the growing season. Others determine the 
effects of rising temperatures on forest ecosystems by reducing winter snowpack depth 
and duration and inducing soil freezing. However, the combined effects of warmer soils 
in the growing season and colder soils in winter on northern forest ecosystems are largely 
unknown. The purpose of the Climate Change Across Seasons Experiment (CCASE), 
located at Hubbard Brook Experimental Forest, NH U.S.A, is to evaluate the effects of 
rising soil temperatures during the growing season, and reduced snowpack and increased 
frequency of soil freeze-thaw cycles in winter, on northern hardwood forest ecosystems. 
We collected soils from the CCASE experiment over two years to determine the effects 
of changes in soil temperature on microbial biomass and activity throughout the growing 
season. Soil freeze-thaw cycles in winter resulted in two-fold reductions in phenol 
oxidase activity and 20% reductions in peroxidase activity throughout the growing season 
compared to reference plots. Likewise, soil freeze thaw cycles reduced amino acid N and 
dissolved organic C availability, as well as acid phosphatase and proteolytic enzyme 
activity, from the period following snowmelt through leaf out of dominant hardwood 
trees. We found no effect of soil warming on potential rates of net N mineralization, 
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microbial respiration, or microbial exoenzyme activity. Thus, we conclude that soil 
freeze-thaw cycles in winter constrain the soil microbial response to soil warming, which 
may partially mitigate positive feedbacks between warming effects on soil respiration and 
C losses to the atmosphere over the next century.  
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Introduction 
Rising air temperatures have reduced the depth and duration of winter snow coverage 
in temperate ecosystems that have historically experienced a seasonal snowpack (Henry 
2008, Kreyling and Henry 2011). Winter snow cover plays a critical role in mediating 
soil nutrient cycling because the physical characteristics of snow (e.g. high surface albedo 
and low thermal conductivity) produce an insulating effect that increases soil temperature 
relative to air temperature during winter (Zhang 2005). In the northeastern U.S., mean 
annual air temperatures have risen by about 1 °C in the last 50 years (Hamburg et al. 
2013), with air temperatures in winter rising at a faster rate (+ 0.7˚C decade-1) compared 
to summer (+ 0.1˚C decade-1; Hayhoe et al. 2007). Continued increases in air 
temperatures in this region over the next 100 years are projected to lead to reductions in 
the depth and duration of winter snow cover and produce colder soil temperatures during 
winter with more frequent soil freeze-thaw events (Campbell et al. 2010, Brown and 
DeGaetano 2011).  
Understanding the consequences of climate warming on soil microbial activity, 
including exoenzyme activity, nitrogen (N) mineralization and respiration in northern 
forest ecosystems, is an area of active investigation because increased soil organic 
decomposition (SOM) as a result of warmer temperatures will result in a significant 
positive feedback to climate warming (Cox et al. 2000, Friedlingstein et al. 2006). Higher 
soil temperatures increase SOM decomposition rates, change the binding affinity and 
reaction efficiency of microbial exoenzymes, and increase soil respiration rates (Lloyd 
and Taylor 1994, Fahey et al. 2005, Davidson and Janssens 2006, Conant et al. 2011). 
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Synthesis studies have shown that experimental warmed soils increase rates of net N 
mineralization and microbial respiration, as well as soil N availability (Rustad et al. 2001, 
Bai et al. 2013, Lu et al. 2013). Individual studies that manipulate soil temperature in 
northern forest ecosystems typically apply year-round warming (Melillo et al. 2002, 
Contosta et al. 2011, Steinweg et al. 2012). Some researchers reduce the winter snowpack 
to examine the effects of warmer winters on northern forest ecosystem processes 
(Groffman et al. 2001, Templer et al. 2012, Reinmann and Templer 2015). Yet, in 
northern temperate forests the combined effect of warming in the growing season and 
less snow with more frequent soil-freeze thaw events during winter is largely unknown. 
When soil temperatures stay above 0 °C during winter, overwinter microbial biomass 
and exoenzyme production and nutrient uptake are substantial (Brooks and Williams 
1999, Kuhnert et al. 2012, Drake et al. 2013, Ueda et al. 2013). By contrast, soil freezing 
during winter limits substrate diffusion, increases microbial mortality, and increases 
release of dissolved C and N from microbial tissue and soil organic matter (Skogland et 
al. 1988, Deluca et al. 1992, Boutin and Robitaille 1995, Fitzhugh et al. 2001, Matzner 
and Borken 2008). Subsequent soil thaw results in pulses of increased microbial 
respiration derived from microbial and dissolved organic nutrient pools (Schimel and 
Clein 1996, Schimel and Mikan 2005). Winter soil freeze-thaw therefore reduces the 
availability of labile substrates and lead to C limitation and declines in microbial biomass 
when snow melts in spring (Lipson et al. 1999, 2000). Thus, winter freeze-thaw cycles 
may constrain the stimulatory effect of warmer soils, especially during spring following 
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snowmelt, when low substrate availability and rising soil temperatures reduce soil 
microbial population size.       
The purpose of the Climate Change Across Seasons Experiment (CCASE), 
located at Hubbard Brook Experimental Forest (HBEF), NH U.S.A, is to evaluate the 
effects of rising soil temperatures during the growing season, reduced snowpack, and 
increased frequency of soil freeze-thaw cycles in winter on northern hardwood forest 
ecosystems. At CCASE, two experimental plots are warmed +5 °C during the growing 
season, two are warmed 5 °C during the growing season plus experience a reduced 
snowpack and increased frequency of soil freeze-thaw cycles in winter, and two plots are 
reference controls. We collected soils from the CCASE experiment over two years (2014 
and 2015?) to determine the effects of soil warming in the growing season and soil 
freeze-thaw cycles in winter on microbial biomass and activity throughout the growing 
season. In this study, we tested the following hypotheses: (1) soil warming increases 
microbial biomass, exoenzyme activity, net N mineralization, and respiration rates during 
the growing season. However, we expected that (2) winter soil freeze-thaw cycles 
exacerbates the declines in microbial biomass, exoenzyme activity, net N mineralization, 
and respiration rates that typically occur following snowmelt. Lastly, we hypothesized 
that (3) during the early growing season the increases in microbial activity due to 
warming are offset by winter soil freeze-thaw cycles. 
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Materials and Methods 
Field Site Description 
 The HBEF is a part of the White Mountain National Forest, which is located in 
central New Hampshire, USA (43.56˚ N, 71.45˚ W). The forest type at HBEF is northern 
hardwood and elevation ranges from approximately 225 m to approximately 1100 across 
the 3162 ha watershed. Sites used in this study were located at approximately 225 m a.s.l. 
and dominated by red maple (Acer rubrum) in the canopy with an understory composed 
of mostly American beech (Fagus grandifolia). The soils at Hubbard Brook are acidic 
(pH 3.9) Typic Haplorthods with an organic layer consisting of leaf-litter (Oi), dense 
root-mat and decomposing organic material (Oe), and a nutrient rich humus layer (Oa); 
all of which together typically extend 6.5 cm below the soil surface (Bohlen et al. 2001). 
Historically, a snowpack of 70 cm to 100 cm depth typically develops each year 
by early to late December and persists until April. In years with below-average snowfall, 
soil frost can last from December through April or May in this region (Fahey and Lang 
1975). Mean soil frost depth is 5.8 cm over the last 50 years, ranging annually 0 cm to 25 
cm below the soil surface (Campbell et al 2010). Mean air temperature from December to 
March was -4 ˚C from 1955 to 2012, ranging from an average minimum of -12˚C during 
January to an average maximum of 19˚C during July (Bohlen et al. 2001, Bailey et al. 
2003). Winter air temperatures have risen by 2.5˚ C, the maximum depth of winter 
snowpack has declined by 26 cm, and the duration of winter snow cover has declined by 
four days per decade during the last half-century (Bailey et al. 2003, Burakowski et al. 
2008, Hamburg et al. 2013).  
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Experimental Design and Climate Change Treatments 
CCASE was established at HBEF in July2012. There are six 11 m x 13.5 m 
experimental field plots at CCASE, with each plot centered on three mature red maple 
trees. Plots at CCASE receive one of three experimental treatments: warming in the 
growing season only (hereafter referred to as “warmed” plots; n = 2 plots), warming in 
the growing season plus snow removed in winter to induce soil freezing for 72 hours 
followed by heating with warming cables to stimulate a 72 hour thaw (hereafter referred 
to as “warmed plus FTC” plots; n = 2 plots), or reference conditions (n = 2). The 
experimental warming that is applied during the snow-free growing season is intended to 
simulate an anticipated +5 °C rise in air temperature by year 2100 (Hayhoe et al. 2007).  
Buried heating cables are used to achieve soil warming. The cables were installed 
in July and August 2012 by creating 55 parallel trenches across each warmed plot (each 
10 cm depth and separated by 20 cm) using a shovel and burying the cable within the 
trench. Similarly, we created 10 cm depth trenches spaced by 20 cm in the reference 
plots, but no cables were installed. Experimental treatments began in December 2013, 
allowing each field plot 16 months to recover following trenching and cable installation 
before the treatments were initiated. We made pre- and post- cable installation 
measurements in July 2012 and 2013 of microbial biomass, enzyme activity, net N 
mineralization, nitrification, and microbial respiration, but found no evidence for 
differences across plots due to trenching and cable installation. 
 Beginning in December 2013, snow was removed from the warmed + FTC plots 
within 48 hours of snowfall to induce soil freezing. We operationally defined a soil 
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freezing event as soil temperature remaining below -0.5 °C for 72 hours. Following soil 
freezing, the heating cables were turned on in order to warm the soils in the warmed + 
FTC treatment to +1 °C, after which time the heating cables were turned off to induce 
another soil freeze event. The entire cycle of soil freezing to below -0.5 °C for 72 hours 
and warming to +1 °C defined a freeze-thaw cycle.  
Warming cables for the four plots that experience warming in the growing season 
(warmed and warmed + FTC) were on continuously from the period of snowmelt to first 
freeze in winter. These dates correspond to April 18 and 21 and November 19 and 
December 1 in 2014 and 2015, respectively. Soil temperatures were measured using 
thermistors buried at 5 cm (n=4 per plot) and 10 cm (n=6 per plot) depth below the 
surface.    
Sample Collection and Processing  
Soils were collected at six time points in 2014 and four time points in 2015 to 
determine the microbial response to climate change occurring during both winter and the 
growing season. Soils were collected at snowmelt (mid-April), tree bud break (early 
May), tree leaf-out (mid-May), canopy-closure (June), peak growing season (July), and 
autumn senescence (September) in 2014 and at tree bud break (earl May), tree leaf-out 
(mid-May), canopy-closure (June), and peak growing season (July) in 2015. At each 
sampling time, four organic soil samples (Oa/A) were taken from each plot using a soil 
knife and a 10 cm x 10 cm frame to define the horizon and vertical edges of the sample. 
A total of 144 soils were collected in 2014 (6 plots x 6 sampling times x 4 samples per 
plot) and 96 soils collected in 2015 (6 plots x 4 sampling times x 4 samples per plot). 
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Soils were transferred from the field to Boston University in a cooler on ice. Soils were 
sieved to < 2 mm to remove roots and coarse woody debris within 24 hours of field 
collection. 
Microbial Biomass N and Exoenzyme Activity 
Microbial biomass N was determined on each sampling date in 2014 using fresh 
soils following the chloroform fumigation-extraction method (Brookes et al. 1985). 
Following alkaline persulfate digestion (Cabrera and Beare 1993), total N in the 
fumigated and non-fumigated soils was determined by measuring NO3- colorimetrically 
(λ = 540 nm) using a Versamax microplate spectrophotometer (Molecular Devices, LLC; 
Sunnyvale, CA; (Doane and Horwath 2003). Microbial biomass N (μg N g dry soil-1) 
was calculated as the difference in NO3-N concentration between the fumigated and non-
fumigated soils, corrected for water content of the soil. We did not apply an extraction 
efficiency correction factor. 
The potential activity of four hydrolytic microbial exo-enzymes - acid 
phosphatase (AP), β-N-acetylglucosaminidase (NAG), β-1,4-glucosidase (BG) and 
cellobiohydrolase (CBH) were measured in each soil core on each sampling date in both 
2014 and 2015 using soils stored at -20 °C following field collection. AP mineralizes 
phosphate groups from soil organic matter, NAG hydrolyzes amino sugars and chitin in 
soil, and both BG and CBH decompose components of cellulose. We determined the 
activity-saturating concentration (AP - 4000 μM; NAG – 2000 μM; BG - 2000 μM; CBH 
– 1750 μM) methylumbelliferone (MUB) linked-substrate by incubating a subset of soils 
across a range of substrate concentrations. A soil slurry consisting of 1.5 g field-moist 
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soil in 100 mL 250 mM sodium acetate buffer was mixed on a stir plate for 1 minute. 
Eight 200 μL analytical replicates were aliquoted onto black 96 well flat-bottom 
microplates along with 50 μL MUB linked-substrate. The microplates were incubated for 
2 hours at 20 °C before enzyme activity was determined fluorometrically (Gemini XS 
Spectramax, Molecular Devices; Sunnyvale, CA). 
Phenol oxidase (PPO) and peroxidase (PERX), two oxidative enzymes associated 
with the breakdown of lignin and recalcitrant soil C, were also measured on each 
sampling date using soils stored at -20 °C. A soil slurry of 1.5 g soil in 100 mL 50 mM 
sodium acetate buffer was mixed on a stir plate for 1 minute. Eight 200 μL analytical 
replicates were aliquoted onto 96 well clear, flat-bottom microplates along with 50 μL 25 
mM L-DOPA. Enzyme activity was determined colorimetrically (λ = 460 nm) after a four 
hour incubation period using a Spectramax microplate spectrophotometer (Molecular 
Devices; Sunnyvale, CA).   
Proteolytic enzyme activity was determined at native substrate concentration 
using fresh soils within 48 hours of field-collection by incubating two subsamples (2 g 
forest floor and 2 g mineral soils in each subsample) of soil in 50 mL centrifuge tubes for 
four hours. Five mL of a tri-chloroacetic acid (TCA) solution and 0.4 mL toluene were 
added to each To subsample, which were immediately extracted in 15 mL 0.05 M sodium 
acetate buffer (pH 5) and filtered through #1 Whatman filters. The addition of toluene 
prevents microbial uptake of free amino acids and the TCA solution sterilizes the solution 
(Watanabe and Hayano 1995). The Tf  subsample was incubated in 15 mL 0.05 M 
sodium acetate buffer and 0.4 mL toluene for 4 hours while shaking at 125 rpm. TCA (5 
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mL) solution was added to each Tf sample after 4 hours to halt proteolytic activity and 
the soil slurries were filtered as stated above. Amino acid concentration in each extract 
was quantified on a Gemini XS microplate fluorometer (Molecular Devices; Sunnyvale, 
CA) using the OPAME method (Jones et al. 2002). The mean fluorescence of three 
analytical replicates was converted to N concentration by comparing the mean 
fluorescence to a known concentration of glycine. Native proteolytic enzyme activity (μg 
N g soil-1 hr-1) was then calculated as the difference in the mass of amino acid N found 
between the Tf and To extracts, divided by the incubation time (4 hours).    
Microbial Respiration, net N Mineralization, and Temperature Sensitivity 
Rates of microbial respiration, net N mineralization, and nitrification were 
measured in 28 day lab incubations for all samples collected in 2014 using fresh field-
moist soils. The samples were incubated in the dark in 500 mL mason jars. NH4
+ and 
NO3
- was extracted on Day 1 and Day 28 of the incubation and NH4
+ and NO3
- were 
measured colorimetrically using a Versamax microplate spectrophotometer (Molecular 
Devices; Sunnyvale, CA; Sims et al., 1995, Doane and Horwath 2003). Potential net 
nitrification (μg N g soil-1 day-1) was calculated as the difference in NO3- measured on 
Day 1 and Day 28, correcting for the water content of the soils and dividing by the 
incubation period. Potential net N mineralization (μg N g soil-1 day-1) was calculated as 
the difference in the sum of NH4
+ plus NO3
- measured on Day 1 and Day 28. Microbial 
respiration was measured four times during the incubation by sampling 5 mL of the jar 
headspace at hourly intervals over a three hour period. The gas samples were injected 
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onto an EGM-4 portable infrared gas analyzer (PP-Systems, Amesbury, MA) to 
determine the rate of microbial respiration (μg C-CO2 g soil-1 hr-1). 
To determine the temperature sensitivity of net N mineralization and respiration, 
we also incubated subsamples at 4 °C, 12.5 °C, 17.5 °C, 22.5 °C, and 26.5 °C. The 
relationship between soil temperature and microbial respiration was modeled according 
to the van’t Hoff equation: 
(1) Rs = β x exp(k x T) 
where β is the y-intercept term, k is the exponential decay coefficient, and T is the 
incubation temperature. The exponential decay coefficient (k) was used to calculate plot- 
and treatment- specific temperature sensitivity (Q10) which is a factor by which 
respiration increases for every 10 increase in incubation temperature: 
(2) Q10 = exp(10 x k) 
To make meaningful comparisons among treatments, R10 of microbial respiration was 
also calculated using the modeled exponential function in equation (1). R10 is the 
microbial respiration rate at 10 °C and is calculate as: 
(3) R10 = β x exp(10 x k) 
Statistical Analyses  
All statistical analyses were conducted using R v. 2.11.1 (R Development Core 
Team 2010). Weaveraged replicate snow or frost depths measurements and soil or 
microbial measurements made within each plot to obtain one plot mean for each 
measurement type on each sampling date. The plot mean was then used in each statistical 
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analysis. The area under the curve (AUC) of either snow or soil frost depth (y-axis) 
versus time (x-axis) was determined for each plot using the using the R package ‘pracma’ 
(Borchers 2011), integrating both the depth and duration of either snow or soil frost into a 
single, continuous variable (Durán et al. 2014). Linear mixed effect models were used to 
determine the effect of the warming treatments on minimum winter soil temperature, 
maximum and minimum snow or soil frost depth, and snow or soil frost depth AUC. 
Sample year nested in field plot were the random-effect structure. The effect of warming 
treatment on microbial biomass N, exoenzyme activity, net N mineralization, and 
respiration were similarly tested using linear mixed effect models. Pairwise comparisons 
across treatments were made post hoc using the multcomp package (Hothorn et al. 2008). 
Due to the cost and infrastructure required to implement the experimental treatments, it 
was not possible to have more than 2 warmed and 2 warmed plus FTC plots. Therefore, a 
relaxed confidence level of P < 0.10 was used to evaluate significant treatment effects, 
unless otherwise noted.    
Results 
Mean daily soil temperatures were 4.9 °C ± 0.79 and 4.9 °C ± 0.78 warmer in the 
warmed compared to the reference treatment in 2014 and 2015, respectively (Figure 3.1). 
Four winter soil freeze-thaw cycles were experimentally induced in the warmed + FTC 
treatment in both winter 2013/14 and 2014/15 (Figure 3.1). By contrast, neither the 
warmed nor the reference plots experienced any winter soil freeze-thaw cycles in either 
winter (Figure 3.1). The snowpack was not manipulated and accumulated at ambient rates 
in the reference and warmed treatments; therefore, snow depth and duration (i.e., area 
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under the curve = AUC) was five times greater and maximum winter snow depth was 
three times deeper in the reference and warmed compared to the warmed +FTC treatment 
(P < 0.01, Table 3.1). Conversely, snowpack reduction led to a two-fold increase in 
maximum soil frost depth (P < 0.01, Table 3.1), as well as minimum winter soil 
temperatures that were approximately 4 °C colder  in the warmed + FTC compared to the 
reference or warmed treatments (P < 0.01, Table 3.1).  
Averaged across sampling dates, warming resulted in significant declines in soil 
moisture availability in the warmed and warmed + FTC treatments compared to ambient 
conditions (P < 0.01, Figure 3.2a). This pattern was especially evident during July at peak 
growing season when soil warming decreased soil moisture by 50% in the warmed 
compared to reference treatment (P < 0.05, Figure 3.2a).  
Averaged across sampling dates, organic N availability measured as amino acid-N 
was significantly lower in the warmed + FTC compared to reference treatment (P < 0.10, 
Figure 3.2b). The largest differences occurred at tree leaf out when amino acid N was 170 
µg N g soil-1 lower in the warmed + FTC compared to reference treatment (P < 0.05, 
Figure 3.2b).  Extractable organic C availability varied seasonally (P < 0.01, Figure 3.2c) 
and similarly declined in warmed + FTC compared to reference or warmed treatments at 
tree bud break and leaf out. Averaged across sampling dates, dissolved inorganic N was 
28 µg N g soil-1 higher in the warmed + FTC compared to reference treatment (P < 0.05, 
Figure 3.2d). Dissolved inorganic N was three times higher in the warmed + FTC 
compared to reference treatment following snowmelt (P < 0.05, Figure 3.2d).  
  
54 
 
Acid phosphatase, proteolysis, peroxidase, and phenol oxidase activity all varied 
seasonally, being generally highest following snowmelt or in autumn (P < 0.05 in all 
cases, Figure 3.3). Acid phosphatase, peroxidase, and phenol oxidase generally declined 
in the early growing season following snowmelt and were lower in the warmed + FTC 
compared reference or warmed treatments (Figure 3.3a, c, d). Averaged across dates, 
phenol oxidase activity was about two times lower and peroxidase activity was reduced 
by 20% in the warmed + FTC compared to reference or warmed treatments (P < 0.10, 
Table 3.2). In lab incubations, microbial respiration increased exponentially with 
increasing temperature (P < 0.01, Figure 3.4a)  Both basal rates (R10) and the temperature 
sensitivity (Q10) of microbial respiration varied seasonally (P < 0.01, Figure 3.4b,c), with 
temperature sensitivity generally declining but basal respiration (R10) increasing 
following winter snowmelt. There were not differences in Q10 or R10 across treatments on 
any sampling date. 
Discussion 
 Rising air temperatures have reduced the depth and duration of winter snow cover 
in temperate forests in northern latitudes (Burakowski et al. 2008, Henry 2008, Kreyling 
and Henry 2011). The effect of warming and its attending increase in the frequency of 
soil freeze-thaw cycles is largely unknown. To address this knowledge gap, we 
implemented a field experiment where forest plots experience both soil warming during 
the growing season and soil freeze-thaw cycles in winter. Soil warming resulted in lower 
soil moisture and amino acid N availability on the dates of sampling, but did not increase 
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microbial biomass, exoenzyme activity, net N mineralization, and respiration rates. 
Therefore, we reject hypothesis 1. We also reject hypothesis 2 because rather than 
offsetting increases in enzyme activity associated with warming, winter freeze-thaw 
cycles resulted in declines in peroxidase and phenol oxidase activity that persisted across 
the growing season and were not compensated for by warming. Hypothesis 3 was 
supported because amino acid N, extractable organic C, acid phosphatase, proteolysis, 
and phenol oxidase activity declined following snowmelt and to a greater extent in the 
warmed + FTC treatment compared to the reference and warmed treatments. Consistent 
with hypothesis 4, the temperature sensitivity of microbial respiration declined as soil 
temperature increased throughout the growing season at CCASE, however Q10 was not 
affected by either warming treatment. The results of this study suggest that the combined 
effect of reduced snowpack, increased occurrence of winter freeze-thaw cycles, and 
warmer soils will be reductions in and microbial exoenzyme following snowmelt in 
spring along with more persistent declines in the activity of microbial oxidative 
exoenzymes across seasons and years.  
 By combining two experimental approaches, snow removal and soil warming 
using buried heating cables, we were able to successfully manipulate soil temperature in 
both winter and the growing season with consistency across two years. Snow is well-
known to insulate soil from freezing winter air temperature (Decker et al. 2003, Zhang 
2005, Lawrence and Slater 2010). As expected, snow removal resulted in colder winter 
soil temperatures and produced four winter soil freeze thaw-cycles at CCASE in both 
2014 and 2015. Climate models project an increase of four winter soil freeze thaw-cycles 
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at Hubbard Brook by year 2100 (Campbell et al. 2010). Similarly, model projections 
indicate that mean growing season air temperature will increase by up to + 5 °C by the 
end of the century and mean soil temperature was approximately 5 °C higher in both 
warmed treatments in both 2014 and 2015. The advantage of fixed-increment soil 
warming, such as that applied at CCASE, is the consistency of the abiotic treatment effect 
regardless of seasonal or inter-annual variations in climate. The disadvantage is that the 
imposition of fixed treatment differences may not be reflective of future climate 
variability and obscure the effect of pulsed-increases in resource availability resulting 
from other co-occurring global change drivers (Smith et al. 2009, Thompson et al. 2013), 
like soil freeze-thaw cycles during winter.  
In contrast with hypothesis 1, microbial biomass N, net N mineralization, and 
microbial respiration did not increase with soil warming. To extrapolate our lab 
incubation results and infer how microbial respiration might be affected by soil warming 
in the field, we also measured the temperature sensitivity of microbial respiration, but 
similarly found no significant effect of warming or winter soil freeze-thaw cycles on 
basal microbial respiration (i.e. R10) or the temperature sensitivity (i.e. Q10) of microbial 
respiration. These results imply that two years of soil warming are insufficient to induce 
significant increases in soil N cycling rates or microbial respiration at this site. By 
contrast, soil warming using buried heating cables has been shown to consistently 
increase in situ net N mineralization rates at Harvard Forest, MA (Melillo et al. 2002, 
Contosta et al. 2011). For example, net N mineralization rates increase two-fold after just 
one year of soil warming (Butler et al. 2012). Similarly, meta-analysis shows that soil 
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warming increases in situ net N mineralization rates by 52% across soil warming studies 
(Bai et al. 2013). Therefore, we hypothesize that an index of in situ soil N availability 
(e.g. ion exchange resins or buried bag), in contrast to our lab incubation data, might 
indicate that soil warming has increased soil N availability at CCASE.  
The results from this study show that winter soil freeze-thaw cycles magnify the  
declines in microbial exoenzyme activity that occur following snowmelt through tree leaf 
out. Precipitous declines in microbial biomass and exoenzyme production following 
snowmelt are hypothesized to occur because overwinter microbial nutrient uptake, 
biomass production, and exoenzyme synthesis induces C limitation when air and soil 
temperatures increase during spring (Lipson et al. 1999, 2000, Drake et al. 2013, Ueda et 
al. 2013). This is an important finding because rising air temperatures are reducing the 
duration of winter snow cover and spring snowmelt has been occurring about 4 days per 
decade earlier over the last 50 years at Hubbard Brook (Hamburg et al. 2013). Earlier 
snowmelt and rising air temperature during spring might lead to asynchrony in soil 
microbial relative to plant springtime phenology (Groffman et al. 2012). This study 
shows that winter soil freeze-thaw cycles can negate the potential stimulatory effect of 
warmer soil temperatures following snowmelt during spring.  
The persistent declines in phenol oxidase and peroxidase activity caused by 
winter freeze-thaw cycles suggest that a warmer climate with less winter snow may have 
significant effects on the soil fungal community because these soil decomposers are most 
associated with oxidative activity in the soil (Sinsabaugh 2010). Averaged across 
sampling dates, we observed about two-fold reductions in phenol oxidase and 20% 
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declines in peroxidase activity due to winter soil freeze-thaw that were not compensated 
for by soil warming. Moreover, the most striking differences in oxidative enzyme activity 
occurred during the plant growing season, when tree C allocation belowground to 
mycorrhizal fungi is greatest (Högberg et al. 2010). Cleavitt et al. (2008) found that soil 
frost did not affect the colonization of sugar maple roots by arbuscular mycorrhizal fungi. 
However, the American beech and red maple trees at CCASE are known to associate 
with ectomycorrhizal fungi that utilize oxidative enzymes like peroxidase to acquire N 
from SOM (Bodeker et al. 2014). We speculate that winter soil freeze-thaw resulted in 
persistent in declines in ectomycorrhizal abundance at our site that can partially explain 
the persistent declines in oxidative enzyme activity in response to increased winter soil 
freeze-thaw cycles 
Conclusions 
Air temperatures are rising during both winter and the growing season and this change 
will alter belowground processes in temperate hardwood forests in mid- to high latitude 
regions. This study focused on changes in soil microbial activity, including exoenzyme 
production, net N mineralization, and respiration in response to winter snowpack 
reduction, increased occurrence of winter soil freeze-thaw cycles, and warmer soil 
temperatures during the growing season. The main finding is that winter freeze-thaw 
cycles exacerbate declines in microbial biomass and exoenzyme production following 
snowmelt and also lead to more persistent declines in oxidative exoenzyme activity. This 
work shows that winter conditions, specifically winter soil freeze-thaw, can affect the soil 
microbial response to soil warming at this site. If the patterns we observed at CCASE 
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hold across other temperate forest locations, then our results imply that winter climate 
change may partially mitigate positive feedbacks between decomposition and climate 
warming over the next 100 years.  
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Table 3.1 Minimum winter soil temperature (°C), maximum soil frost or frost depth 
(cm), soil frost depth or snow depth area under the curve (AUC, cm x days) at CCASE. 
Data collected in winter 2013/14 and 2014/15 were averaged by plot across years prior to 
statistical analysis. Different letters indicate statistically significant differences across 
treatments (* P < 0.05, ** P < 0.01, *** P < 0.001). 
  
  Reference Warming Only Warming + FTC 
Response Variable Median IQR Median IQR Median IQR 
Min.Temperature*** 0.01b -0.21– 0.3 -0.56b -0.8 – -0.3 -4.14a -4.54 - -3.8 
Max. Frost Depth* 12.3b 10.9-13.3 12.6b 11.1-14.2 21.4b 20.7-22.1 
Max. Snow Depth* 63.4a 54.5-72.8 55.8a 52.2-61.2 22.2b 18.2-28.1 
Frost AUC* 1100b 1027-1181 1218ab 1165-1262 1455a 1345-1552 
Snow AUC*** 4057a 3785-4337 3678a 3451-3993 736b 697-754 
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Table 3. 2 Microbial response variables measured at CCASE. Median and interquartile 
range are indicated for each treatment across sampling dates in 2014 and 2015. Asterisks 
(*) indicate significant difference across all sampling dates (P < 0.10). Different letters 
indicate statistically significant differences across treatments.   
  Reference Warming Only Warming + FTC 
Response Variable Median IQR Median IQR Median IQR 
Microbial Biomass N 367 236-511 369 254-524 327 225-442 
Proteolysis 93.7 59-142 101.7 79-140 75.1 47-127 
Acid Phosphatase 5.32 3.6-7.8 4.04 2.8-6.1 3.45 2.6-5.2 
N-acetylglucosaminidase 0.80 0.5-1.4 0.87 0.6-1.2 0.68 0.4-1 
Beta Glucosidase 1.00 0.6-1.7 1.27 0.8-1.8 1.10 0.7-1.7 
Cellobiohydrolase 0.35 0.2-0.5 0.31 0.2-0.5 0.29 0.2-0.5 
Phenol Oxidase* 0.92a 0.6-1.5 0.79a 0.5-1.2 0.40b 0.3-0.6 
Peroxidase* 1.25a 0.9-1.8 1.27a 0.9-1.9 0.91b 0.7-1.2 
Net N Mineralization 1.5 0.01-3.48 1.7 0.91-3.75 1.5 0.17-3.66 
Microbial Respiration 11.3 8.6-14.5 9.0 7.3-14.2 8.7 6.4-11.9 
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Figure 3.1 Mean daily soil temperature at 10 cm below the soil surface in 2014 and 2015. 
The buried heating cables were powered on for the growing season from April 18 to 
November 19 in 2014 and from April 21 to December 1 in 2015.  
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Figure 3.2 Seasonal variation in soil extractable C, amino acid N, and dissolved organic 
nitrogen. Points are means averaged across treatments ± 1 standard error of the mean 
(n=2). Asterisks (*) indicate significant differences across treatments within a date (P < 
0.10). Extractable C and amino acid N data collected in 2014 and 2015 were averaged by 
plot across years before calculating treatment means on a given date.  
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Figure 3.3 Seasonal variation in microbial exoenzyme activity. Points are means 
averaged across treatments ± 1 standard error of the mean (n=2). Asterisks (*) indicate 
significant differences across treatments within a date (P < 0.10). Data collected in 2014 
and 2015 were average before calculating treatment means on a given date.  
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Figure 3.4 Relationship between (a) microbial respiration and lab incubation temperature 
across sampling times in 2014, (b) seasonal variation in R10 of microbial respiration, and 
(c) seasonal variation in the temperature sensitivity (Q10) of microbial respiration. Points 
are means averaged across treatments ± 1 standard error of the mean (n=2). Asterisks (*) 
indicate significant differences across treatments within a date (P < 0.10). 
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CHAPTER FOUR: Reduction in snow cover alters root-microbe interactions and 
decreases nitrification in a northern hardwood forest 
 Abstract 
The depth and duration of snow cover in northern hardwood forests are projected 
to decline during the next century. These declines are likely to adversely affect tree roots, 
but whether this will affect root-microbe interactions remains largely unknown. We took 
advantage of a natural winter climate gradient at Hubbard Brook Experimental Forest, 
NH, USA where high elevation sites experience greater depth and longer duration of 
winter snow cover, higher soil temperature, and less soil freezing in winter compared to 
low elevation sites. Soil cores were incubated in situ for up to two years along the 
gradient in nylon mesh that allowed roots to grow into the soil core (2 mm pore size) or 
excluded root ingrowth (50 µm pore size). The potential activity of cellobiohydrolase, 
phenol oxidase, peroxidase, and net N mineralization rates were more strongly related to 
soil volumetric water content (P < 0.05; R2 =0.25 – 0.46,) compared to root biomass, 
snow or frost, or winter soil temperature (e.g. R2 < 0.10). Root ingrowth was positively 
related to soil frost depth and duration (P < 0.01; R2 = 0.28), suggesting that trees 
compensate for overwinter root mortality due to soil freezing by re-allocating resources 
towards root production. At the highest elevation sites with the deepest snow cover, root 
ingrowth reduced nitrification by 30% (P < 0.01). This result shows that tree roots exert 
significant control over nitrification rates which declines with loss of snow cover. Should 
soil freezing intensify over time, greater compensatory root growth may reduce 
nitrification rates directly via plant-microbe N competition and indirectly through a 
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negative feedback on soil moisture, resulting in lower N availability to trees in northern 
hardwood forests. 
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Introduction 
Tree roots represent a dynamic linkage between aboveground plant productivity 
and soil carbon (C) storage (Fontaine et al. 2007, De Deyn et al. 2008). In temperate 
forests, trees allocate up to 60% of net primary production to roots, which then release 
organic nutrients that fuel soil microbial metabolism and exo-enzyme production 
(Phillips and Fahey 2006, Litton et al. 2007, Brzostek et al. 2013). The break down of 
organic matter by microbial exo-enzymes contributes to soil formation (Jobbagy and 
Jackson 2000, Six et al. 2006), makes available soil nutrients for plant biomass 
production, and releases CO2 back to the atmosphere (Schimel and Weintraub 2003, Finzi 
et al. 2015). As such, root-microbe interactions mediate soil C and nitrogen (N) cycling 
responses to myriad global change drivers and outcomes, including elevated atmospheric 
CO2 (Phillips et al. 2011), soil warming (Zhu and Cheng 2011), and changes in 
precipitation (Zhu and Cheng 2013). Winter snow depth is known to be positively related 
to rates of net nitrification and denitrification in northern hardwood forests (Durán et al. 
2014, Morse et al. 2015), but the extent to which root-microbe interactions mediate soil C 
and N recycling responses to reductions in winter snow depth and duration are largely 
unknown. 
Climate warming during the next 100 years is expected to reduce winter snow 
depth and duration in the northern hardwood forests of the northeastern U.S. (Hayhoe et 
al. 2007). Because deep snow cover (> 0.5 m) keeps soils above 0° C during winter 
(Zhang 2005), declines in the depth and duration of snow cover are expected to be 
accompanied by colder soils and an increased frequency of soil freeze-thaw events 
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(Campbell et al. 2010, Brown and DeGaetano 2011). Soil microbes continue to be 
metabolically active at soil temperatures below 0° C (McMahon et al. 2009, Buckeridge 
et al. 2013). However, the direct-negative effects of soil freezing, including microbial 
mortality and altered resource use (Skogland et al. 1988, Deluca et al. 1992, Schimel and 
Clein 1996, Schimel and Mikan 2005), likely increase as snow depth and duration decline 
in the next century. For example, soil inorganic N pools decline by up to 25% when soils 
remain unfrozen during winter, suggesting uptake and turnover by an active subnivean 
microbial population (Kuhnert et al. 2012, Ueda et al. 2013). Similarly, overwinter net N 
mineralization rates range between 2% to 17% of annual soil N flux in temperate 
hardwood forests, declining in years with relatively more winter soil freezing (Contosta 
et al. 2011).  
Snow depth and duration during winter is positively related to microbial biomass, 
protease and oxidative enzyme production, microbial respiration, and nitrification in the 
springtime in northern hardwood forests (Duran et al. 2014, Sorensen et al. in review).  
However, previous studies have not addressed whether these responses are due to 
changes in root activity, microbial activity, or their interaction. Winter soil freezing 
increases overwinter root mortality and decreases root N uptake during the spring 
following the snowmelt period (Tierney et al. 2001, Cleavitt et al. 2008, Campbell et al. 
2014). On the one hand, increased root necromass and higher N availability following 
snowmelt could increase rates of enzyme production and rates of N mineralization in N-
rich soil microsites (Allison and Vitousek 2005, Kuzyakov 2010, Cheng et al. 2014). On 
the other hand, winter soil freezing has been shown to increase root production during the 
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growing season as a result of compensatory fine-root regrowth (Tierney et al. 2001, 
Cleavitt et al. 2008). Such compensatory regrowth could increase plant-microbial 
competition for N, leading to reductions in microbial enzyme production and activity and 
partially offset increases in soil organic matter decomposition expected to result from 
climate warming (Schimel and Weintraub 2003, Kuzyakov and Xu 2013). Hence, 
understanding the effect of declining winter snow depth on root-microbial interactions is 
necessary for developing a predictive understanding of soil C and N cycling in response 
to climate change. 
The objective of this study was to separate and attribute direct (e.g. winter snow- 
and soil frost-mediated) from indirect (e.g. root-mediated) effects of winter climate 
change on growing season microbial biomass, the potential activity of microbial exo-
enzymes, and net N mineralization and nitrification rates. Winter snow and soil frost 
depth are inversely related along the elevation gradient at Hubbard Brook Experimental 
Forest (HBEF), NH U.S.A., where high elevation sites experience a greater depth and 
duration of snow cover compared to low elevation sites during winter (Durán et al. 2014). 
Consequently, soil frost depth and duration is greater at low elevation compared to high 
elevation sites, creating a natural winter climate gradient across the Hubbard Brook 
valley. I incubated soil cores along this natural winter climate gradient in mesh that either 
allowed or excluded root ingrowth. We hypothesized that (1) root ingrowth would be 
higher at low compared to high elevation sites due to higher root compensatory regrowth; 
that (2) microbial biomass N, exoenzyme pool sizes, and net N mineralization and 
nitrification rates would be higher at high elevation where there is a consistent winter 
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snowpack; and lastly that (3) the stimulatory effect of tree roots on these processes would 
be higher at higher elevation, due to an intact root system and higher exudation, 
compared to lower elevation sites. 
 
Methods 
Field Site Description 
 The HBEF is located in the White Mountain National Forest in New Hampshire, 
USA (43.56˚ N, 71.45˚ W). Elevation ranges from 225 m to 1100 m at HBEF. Average 
maximum-annual air temperature is 19° C while average minimum air temperature is -9° 
C and the mean annual temperature has increased by approximately 0.3 ° C decade-1 over 
the last 50 years (Hamburg et al. 2013). Mean annual precipitation is 1400 mm, one-third 
of which occurs as snowfall during winter (Bailey et al. 2003). Winter soil frost depth 
ranges from 0 cm to 25 cm depth below the soil surface and a continuous snowpack of 
~70-100 cm depth typically develops each year by late December and persists until late 
April (Campbell et al 2010). However the maximum depth of winter snowpack has 
declined by 26 cm and the duration of winter snow cover has decline by four days per 
decade over the last 50 years (Burakowski et al. 2008, Hamburg et al. 2013). 
The soils at HBEF are acidic (pH 3.9) Typic Haplorthods with an organic layer 
consisting of leaf-litter (Oi), dense root-mat and decomposing organic material (Oe), and 
a nutrient rich humus layer (Oa); all of which together typically extend 6.5 cm below the 
soil surface (Bohlen et al. 2001). Canopy tree species in this northern hardwood forest 
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include American beech (Fagus grandifolia), sugar maple (Acer saccharum), eastern 
hemlock (Tsuga canadensis) and yellow birch (Betula alleghaniensis). Coniferous 
species such as red spruce (Picea rubens) and balsam fir (Abies balsamea) are found 
above ~740 m elevation. 
Winter Climate Gradient at Hubbard Brook 
Twenty sites were established in October 2010 that spanned the winter climate 
gradient, with each site located in sugar maple dominated stands with similar soil 
characteristics (Durán et al. 2014). In this study, I used 6 of the 20 sites; three on north-
facing slopes at high elevation (535 m, 555 m, and 595 m) and three on south-facing 
slopes at low elevation (375 m, 411 m, and  511 m).  
Soil temperature and volumetric water content were measured continuously from 
December 2010 to November 2013 using Decagon 5TM combination probes and 
Decagon EM50 data-loggers. Snow depth was measured using a Federal Snow Sampling 
Tube (Rickly Hydrological Company, Columbus, OH, USA) at three locations at bi-
weekly intervals at each site starting in winter 2010/11 through winter 2012/13. Soil frost 
depth was measured using methylene blue dye-filled frost tubes (Riccard et al. 2013; 
Campbell et al. 2014). Snow depth and soil frost depth data are available online 
http://hubbardbrook.org/data/dataset.php?id=136.  
Litter Boxes and Root Exclusion and Root Ingrowth Cores 
Three 1 m x 2 m plots, separated by at least 50 m, were established at all six sites 
(18 plots total) in May 2011. Each plot was subdivided into eight 50 cm x 50 cm litter 
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boxes and soil cores were installed within three of the eight litter boxes. The soil cores 
were constructed of nylon mesh that were 5 cm diameter x 15 cm deep. Root exclusion 
cores were constructed with mesh that excluded roots (50 μm pore size) from growing 
into the core, however the 50 μm pore size is not fine enough to exclude mycorrhizal 
hyphae. The root ingrowth cores were constructed of nylon mesh (2 mm pore size) that 
allowed fine-roots to grow into the soil core. Native soil collected adjacent to each site 
was hand-sorted in the field to remove roots, gravel, and coarse woody debris. The 
homogenized soils were then used to pack the root exclusion and root ingrowth cores. 
The bottom 10 cm of each nylon core was packed with homogenized mineral soil, whilst 
the top 5 cm was packed with homogenized organic horizon soil. Cores of each type (root 
ingrowth and root exclusion) were installed in duplicate in three litter boxes at all 18 
plots along the gradient (6 sites x 3 replicate plots x 3 litter boxes x 2 core types x 2 
duplicate cores  = 216 cores total). We harvested cores from one litter box at each plot in 
July 2012 (14 months after installation), October 2012 (17 months after installation), and 
October 2013 (29 months after installation; n= 36 exclusion and 36 ingrowth cores at 
each sampling time).  
Soil Core Processing, Root Biomass, and Root Production 
Root ingrowth and root exclusion cores were kept at 4 °C following harvesting 
from the field and processed within approximately 48 hours of field collection. The forest 
floor soil and mineral soil were removed from each core and kept separate during lab 
processing. Fine roots (< 2 mm) were removed from each root ingrowth and exclusion 
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core using forceps and root biomass in each core was determined after drying the roots 
for 48 hours at 60 ˚C. We did not distinguish live from dead fine-roots. A five gram 
subsample of the root-free soil from each core was oven-dried at 60 ˚C for 48 hours to 
determine gravimetric soil moisture content. Given that each core was initially free of 
fine-roots, we considered root biomass ingrowth over time as an index of root production 
along the gradient.  
 
Microbial Biomass N, Exo-Enzyme Activity, and Soil N Cycling Rates 
Microbial biomass N was determined on a subset of soil cores harvested in 
October 2012 and October 2013 from one plot at each of the six sites (n=12 exclusion 
and 12 ingrowth cores  at each harvest date) using the chloroform fumigation-extraction 
method (Brookes et al. 1985). Following alkaline persulfate digestion (Cabrera and Beare 
1993), total N in the fumigated and non-fumigated soils was determined by measuring 
NO3
- colorimetrically (λ = 540 nm) using a Versamax microplate spectrophotometer 
(Molecular Devices, LLC; Sunnyvale, CA; (Doane and Horwath 2003). Microbial 
biomass N (μg N g dry soil-1) was calculated as the difference in NO3-N concentration 
between the fumigated and non-fumigated soils, corrected for water content of the soil. 
We did not apply an extraction efficiency correction factor. 
The potential activity of four hydrolytic microbial exo-enzymes - acid 
phosphatase (AP), β-N-acetylglucosaminidase (NAG), β-1,4-glucosidase (BG) and 
cellobiohydrolase (CBH) were measured in each soil core on each sampling date. AP 
mineralizes phosphate groups from soil organic matter, NAG hydrolyzes amino sugars 
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and chitin in soil, and both BG and CBH decompose components of cellulose 
(Sinsabaugh and Shah 2012). A soil slurry of 1.5 g field-moist soil in 100 mL 250 mM 
sodium acetate buffer was mixed on a stir plate for 1 minute. Eight 200 μL analytical 
replicates were aliquoted onto black 96 well flat-bottom microplates along with 50 μL 
methylumbelliferone (MUB) linked-substrate. We tested for the activity-saturating 
concentration (AP - 4000 μM; NAG – 2000 μM; BG - 2000 μM; CBH – 1750 μM) of 
MUB linked-substrate by incubating a subset of soils across a range of substrate 
concentrations to ensure enzyme activity was measured at maximum velocity (i.e. Vmax, 
(German et al. 2011). The microplates were incubated in the dark at 20˚ C for 2 hours 
before enzyme activity was determined fluorometrically (Gemini XS Spectramax, 
Molecular Devices; Sunnyvale, CA). 
Two additional oxidative microbial enzymes, phenol oxidase (PPO) and 
peroxidase (PERX), were measured on each sampling date. These enzymes are associated 
with the breakdown of lignin and recalcitrant soil C (Sinsabaugh 2010). A soil slurry of 
1.5 g soil in 100 mL 50 mM sodium acetate buffer was mixed on a stir plate for 1 minute. 
Eight 200 μL analytical replicates were aliquoted onto 96 well clear, flat-bottom 
microplates along with 50 μL 25 mM L-DOPA. Enzyme activity was determined 
colorimetrically (λ = 460 nm) after a four hour incubation period using a Spectramax 
microplate spectrophotometer (Molecular Devices; Sunnyvale, CA). 
Rates of potential net N mineralization and nitrification were measured in short-
term (14 day) lab incubations for all soil cores. The concentrations of NH4
+ and NO3
-
 
  on 
Day 1 and Day 14 of the incubation were determined colorimetrically using a Versamax 
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microplate spectrophotometer (Molecular Devices; Sunnyvale, CA; Sims et al., 1995, 
Doane and Horwath 2003). Potential net nitrification (μg N g soil-1 day-1) was calculated 
as the difference in NO3
- measured on Day 1 and Day 14, correcting for the water content 
of the soils and dividing by the incubation period. Potential net N mineralization (μg N g 
soil-1 day-1) was calculated as the difference in the sum of NH4
+ plus NO3
- measured on 
Day 1 and Day 14.  
Statistical Analysis   
All statistical analyses were conducted using R v. 3.2.0 (R Development Core 
Team 2010). Snow or soil frost depth measurements made successively at each site 
throughout winter were converted into a single continuous variable (area under the curve 
=AUC) by calculating the integral of the time (days) versus snow or frost depth (cm) 
relationship using the R package ‘pracma’ (Borchers 2011). Site differences in soil 
microclimate (snow or frost depth AUC, minimum winter soil temperature, soil 
temperature or volumetric water content at the time of soil core harvesting) were assessed 
using separate linear mixed-effects models, where site was the fixed effect and year was 
the random effect in the model using the R package ‘nlme’ (Pinheiro et al. 2016).  
The effect of soil core type (i.e. root exclusion versus root ingrowth) on root 
biomass was tested by using a generalized linear model (GLM) with a Gaussian-error 
distribution and a log link function. Linear-mixed effects models were used to test 
whether snow or frost depth AUC (fixed-effects) was related to root biomass in the 
ingrowth cores. Field plot was the random-effect in the model. The amount of variation in 
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root biomass ingrowth explained by snow or frost depth AUC was determined by 
calculating the R2 marginal of the mixed-effect model. The R
2
marginal is the variance attributed 
to the fixed-effect(s), in this case either snow or frost depth AUC, divided by the total 
model variance (Nakagawa and Schielzeth 2013). 
GLMs were also used to test for the effect of the presence or absence of roots (i.e. 
root ingrowth) on microbial biomass N, potential exo-enzyme activity, net nitrification, 
and net N mineralization for cores that were collected in October 2013. We choose 
October 2013 because that is when the cores had been in the field for the longest (29 
months). Microbial biomass N and potential exo-enzyme activity were modelled using a 
gamma error distribution and an inverse link function, with soil core type as the main 
effect in the model. A Gaussian-error distribution and a log link function were used to 
determine the effect of root ingrowth on net N mineralization and nitrification.  
We calculated Akaike Information Criteria scores using the R package 
‘AICcmodavg’ (Mazerolle 2011) in order to determine which combination of winter soil 
microclimate covariates (snow or frost AUC, minimum winter soil temperature), growing 
season microclimate covariates (volumetric water content or soil temperature), 
gravimetric moisture content in the soil cores, and/or root biomass could best explain 
differences in microbial biomass N, potential exo-enzyme activity, net nitrification, and 
net N mineralization across the climate gradient. The model with the lowest AIC score 
was considered to be the most parsimonious model, but only if the difference (i.e. ΔAIC) 
between models with the lowest and second lowest AIC scores was ≥ 2 (Burnham and 
Anderson 2014). Statistical differences across groups and/or relationship between factors 
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and outcomes were in inferred if P ≤ 0.05. P ≤ 0.10 was used to indicate marginal 
differences across groups or associations between factors and outcomes (Murtaugh 
2014). 
Results 
We observed a natural gradient in snow and soil frost depth area under the curve 
(AUC) during winter across the six field sites. Snow depth AUC increased while soil 
frost AUC decreased at higher compared to lower elevation sites (P ≤ 0.05, Table 4.1). 
The site located at 555 m elevation had the highest average soil volumetric water content 
and was the wettest at the time the soil cores were harvested from the gradient (Table 
4.1). In comparison, the two sites located at the lowest elevations (375 m and 401 m) 
were the driest. Mean soil temperature at the time the soil cores were harvested from the 
gradient (i.e. July or October) differed only among the lowest (375 m) and highest 
elevation sites (595 m; ~1.3° C; Table 4.1). 
Root biomass was 14x greater in root ingrowth compared to root exclusion cores 
(P ≤ 0.01; Figure 4.1a). The difference in root biomass between exclusion versus 
ingrowth cores increased over the length of time that the cores were incubated in the field 
(Figure 4.1b). Root biomass in the ingrowth cores did not systematically differ by 
elevation (P > 0.05). Similarly, root biomass in ingrowth cores was not related to snow 
depth area under the curve (AUC, Figure 4.1c). However, root ingrowth was related 
positively to soil frost depth AUC (R2 marginal = 0.28, P ≤ 0.01) and highest at the low 
elevation sites which experienced the most soil frost during winter (Figure 4.1d, Table 1).  
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Net nitrification in organic soil (0 to 5 cm below the surface) was related 
positively to snow depth AUC across the winter climate gradient in both root ingrowth 
and exclusion cores (Figure 4.2a, SI Table 1). Compared to nitrification rates in the 
exclusion cores, root ingrowth reduced rates of nitrification by 30% at the three north-
facing, high elevation sites which experienced the deepest and longest duration of snow 
cover during winter (R2marginal = 0.47, P ≤ 0.01, Figure 4.2a). In contrast, root ingrowth 
did not affect nitrification rates at the south-facing low elevation sites. Nitrification was 
positively related to net N mineralization in root ingrowth cores (R2marginal = 0.43, P ≤ 
0.01), but not in root exclusion cores (Figure 4.2b; P > 0.05).  
 We observed only weak relationships between microbial exo-enzyme potential 
activity and either snow depth or frost depth AUC or minimum winter soil temperature 
across sampling dates (i.e. R2marginal < 0.1; Table 4.4 & 4.5). By contrast, soil volumetric 
water content was related positively to the potential activity of cellobiohydrolase, phenol 
oxidase, and net N mineralization in forest floor soils (P ≤ 0.01, R2marginal = 0.28-0.36; 
Figure 4.3) and related negatively to soil temperature (data not shown). A similar pattern 
was observed in mineral soils.  
For soils collected in October 2013, root ingrowth significantly reduced the 
potential activity of acid phosphatase, β-glucosidase, and net N mineralization rates in 
forest floor soils (P ≤ 0.05, Table 4.2); likely due to an interaction between root ingrowth 
and lower gravimetric water (Figure 4.4) content within the ingrowth cores. In mineral 
soils, the potential activity of acid phosphatase, cellobiohydrolase, phenol oxidase, and 
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peroxidase were also lower in root ingrowth compared to root exclusion cores (P ≤ 0.05, 
Table 4.2).  
Discussion 
Disturbance to root-microbe interactions may be viewed as a sentinel of 
forthcoming alterations to forest nutrient retention, plant C allocation, and soil C storage 
(Rillig and Mummey 2006, Iversen 2010, McCormack et al. 2014), and has been 
frequently implicated, yet rarely tested, within the growing body of winter climate change 
research conducted in temperate forests (Fitzhugh et al. 2001, Cleavitt et al. 2008, Haei et 
al. 2011, Campbell et al. 2014, Durán et al. 2014, Tan et al. 2014). In an effort to address 
this gap in research, we examined microbial biomass N, potential microbial exo-enzyme 
activity and potential net N mineralization and nitrification in soil cores that were 
incubated in situ in either the presence or the absence of roots along a natural winter 
climate gradient at HBEF, NH (USA). 
Consistent with our first hypothesis, root biomass production was related 
positively to soil frost depth and duration across the winter climate gradient (Figure 4.1d, 
Table 1); with greater ingrowth occurring at the lower elevation sites where soil frost area 
under the curve (i.e. AUC) was higher. This result is similar to plot-level studies 
conducted at HBEF showing that snow removal to induce soil freezing during winter 
increases root production during the subsequent growing season (Tierney et al. 2001, 
Cleavitt et al. 2008).  
In support of our second hypothesis, net nitrification rates increased with snow 
AUC (Figure 4.2a, see further discussion below). In contrast to our second hypothesis 
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however, potential microbial exo-enzyme activity and net N mineralization rates were 
only weakly related to elevation, snow or soil frost AUC, or minimum winter soil 
temperature (Tables 4.4 & 4.5). Rather, potential microbial exo-enzyme activity and net 
N mineralization rates were positively correlated with soil moisture (Figure 4.3) and to a 
lesser extent negatively correlated with soil temperature. Although our data were 
collected in the lab, the results are consistent with past studies of microbial activity across 
a range of stand types and environmental conditions at the HBEF (Groffman et al. 2011, 
Durán et al. 2014, Morse et al. 2015), showing positive relationships between soil 
moisture and in situ rates of net N mineralization, soil respiration, and denitrification.    
The rhizosphere is characterized by elevated rates of microbial activity that 
contribute significantly to soil C and N fluxes at the ecosystem scale (Finzi et al. 2015).  
In our third hypothesis, we predicted that the presence of roots would increase microbial 
activity and that the stimulatory effect of roots would be greater at high compared to low 
elevation sites due to the increased soil freezing stress at low elevation. However, the 
presence of plant roots depressed rather than stimulated microbial activity (Table 4.2). 
Similarly, while we did find generally greater rates of exo-enzyme activity (Table 4.2), N 
mineralization and nitrification at the higher elevation sites (Figure 4.3), here too the 
presence of tree roots decreased microbial activity. 
There are several, mutually-inclusive reasons for why there was no stimulation of 
microbial activity in the root ingrowth compared to exclusion cores. First, rhizosphere 
microbial activity is not as strongly stimulated by arbuscular mycorrhizal-associated tree 
species, like sugar maple, compared to ectomycorrhizal-associated tree species (Phillips 
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and Fahey 2006, Brzostek et al. 2015). Thus, the root-ingrowth effect that we observed is 
likely to be more muted than if a similar study were conducted at higher elevation in the 
spruce-fir zone at HBEF. Second, live fine root biomass in the organic horizon at HBEF 
is approximately 203 ± 24 g m-2 (Fahey and Hughes 1994) or about two-fold greater than 
the highest root biomass (~105 g m-2) observed in any of our root ingrowth cores, 
suggesting a muted root influence in our ingrowth cores compared to native soils. Third, 
soil moisture availability was higher in exclusion compared to root ingrowth cores. This 
result is similar to previous studies demonstrating that soil trenching increases soil 
moisture content compared to non-trenched soils leading to higher rates of net N 
mineralization and soil respiration (Kuzyakov 2006). We observed higher microbial exo-
enzyme activity and net N mineralization rates in the root exclusion compared to the root 
ingrowth cores (Table 4.2), consistent with the hypothesis that root ingrowth exerts an 
indirect control over microbial activity that is mediated by reductions in soil moisture. 
Consistent with (Durán et al. 2014), net nitrification rates were related positively 
to snow depth AUC and root ingrowth reduced net nitrification rates by 30% at the three 
highest elevation sites. Availability of NH4
+ as a substrate is a dominant control of 
nitrification and winter soil freezing has been shown to reduce sugar maple root uptake of 
NH4
+ (Campbell et al. 2014). Thus, the significant decline in nitrification with root 
ingrowth at higher elevations suggests greater competition for NH4
+ (Figure 4.5a), 
competition that does not occur in the absence of roots (Figure 4.3b) and is weaker at low 
elevation where soil freezing effects on roots are greater. The lack of a root ingrowth 
effect on nitrification at low elevation probably reflects lower root N uptake, in spite of 
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greater soil freezing and higher compensatory root regrowth. Lower soil moisture 
availability also reduces rates of net N mineralization and decreases soil N availability at 
low compared to high elevation sites. Such conditions may become more common with 
less winter snow cover and drier soils during summer at HBEF (Figure 4.5b). 
 The results of this study have three important implications for the northern 
hardwood forest region. First, the correlation between nitrification and snow depth 
duration suggests that with less winter snow cover, soil nitrification rates are likely to 
decline over the next 20 - 100 years. Second, we observed significant control over 
nitrification rates by roots which declined with loss of snowpack. Should soil freezing 
intensify over time, roots will exert less control over NO3
- loss during the transition 
between winter and spring, a critical time for soil N cycling in northern hardwood forests. 
Third, greater compensatory root growth during the spring and summer may combine to 
reduce nitrification rates directly through plant-microbial competition for N and 
indirectly through a negative feedback on soil moisture. Thus, winter climate change 
portends a reorganization of root-microbe interactions with important consequences for 
soil N cycling in northern hardwood forests. 
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Table 4.1 Soil microclimate collected in winter and growing season 2012 and 2013. 
Mean soil temperature (Soil Temp) and volumetric water content (Vol. Water Content) 
were calculated from the daily mean at each site on the date the soil cores were harvested 
from the gradient. Root biomass is for ingrowth cores only. Site means (± sem) were 
compared post hoc and statistical differences are indicated by different letters within each 
column (α = 0.05). 
Elevation  Frost AUC 
Snow 
AUC 
Min. Soil 
Temp 
Soil Temp 
Vol. Water 
Content 
Root 
Biomass 
375  394a ± 20 1026c ± 302 -1.1d ± 0.3    13.4a ± 2.2 0.27b,c ± 0.03 3.8a ± 0.4 
401  287b ± 3 1364b,c ± 363 -0.8c,d ± 0.2  13.0a,b ± 2.3  0.26c ± 0.05 3.4a,b ± 0.6 
511 158c ± 10 1727b  ± 421 -0.3c,b ± 0.2 12.7a,b ± 2.1  0.32b ± 0.02  1.8b ± 0.2 
539 65d ± 16 3062a ± 679   0.6a ± 0.2 12.6a,b ± 1.7  0.32b ± 0.02 2.6a,b ± 0.3 
555 135c,d ± 42 3000a ± 669 -0.1b ± 0.1 12.6a,b ± 1.8  0.38a ± 0.01  2.1b ± 0.2 
595 108c,d ± 10 3149a ± 669 0.1c,b ± 0.1   12.1b ± 1.9  0.30b ± 0.01  3.2a,b ± 0.3 
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Table 4.2 Median and interquartile range (IQR) of microbial biomass N, potential 
enzyme activity, net nitrification, and net N mineralization rates of soils incubated either 
in the absence (root exclusion) or the presence (root ingrowth) of roots. Data are 
presented for cores harvested in October 2013 only.  
    Root Exclusion Root Ingrowth 
Soil Type Response Variable Median IQR Median IQR 
Organic  Microbial Biomass N 309 278-354 343 269-395 
 Acid Phosphatase ** 7.50 4.3-8.6 5.25 4.1-6.2 
 N-acetylglucosaminidase 0.68 0.5-1.0 0.65 0.5-1.3 
 Beta Glucosidase * 1.30 0.7-1.4 0.90 0.2-1.4 
 Cellobiohydrolase 0.27 0.2-0.4 0.30 0.2-0.4 
 Phenol Oxidase 0.84 0.6-1.1 0.82 0.6-1.0 
 Peroxidase 1.22 1.0-1.5 1.30 1.0-1.7 
 Net N Mineralization *** 5.17 3.0-6.5 2.98 1.3-4.0 
 Nitrification *** 1.24 0.6-3.1 0.37 0.3-1.1 
      
Mineral  Microbial Biomass N 111 90-140 124 91-149 
 Acid Phosphatase *** 2.60 2.1-3.4 1.53 1.2-2.0 
 N-acetylglucosaminidase  0.20 0.1-0.3 0.15 0.1-0.2 
 Beta Glucosidase 0.33 0.2-0.4 0.21 0.2-0.3 
 Cellobiohydrolase ** 0.15 0.04-0.2 0.04 0.03-0.0 
 Phenol Oxidase *** 0.50 0.4-0.7 0.37 0.3-0.5 
 Peroxidase ** 1.32 1.1-1.6 1.09 0.7-1.5 
 Net N Mineralization 0.57 0.4-0.8 0.52 0.3-0.7 
 Nitrification 0.42 0.3-0.6 0.37 0.2-0.5 
(*P ≤ 0.10, **P ≤ 0.05, ***P ≤ 0.01. Microbial biomass N and enzyme activity data were 
fit to a gamma distribution, while nitrification and net N mineralization data were fit to a 
logistic distribution to estimate medians and the interquartile range. Units of 
measurement - microbial biomass N (µg N g soil-1), AP, NAG, BG, CBH (µmol MUB g 
soil-1 hr-1), phenol oxidase and peroxidase (µmol L-DOPA g soil-1 hr-1), net N 
mineralization and nitrification (µg N g soil-1 day-1) 
 
  
 
8
8
   
Table 4.3 Model selection table of predictive models of nitrification. Soil microclimate were predictor variables in a global model. 
Other models tested for the fit of single covariates as the lone predictor variable or for an interaction with core type. Models were fit 
by maximum likelihood and evaluated by AICc score. Fit of distinct models was assessed and evaluated by ΔAICc, were differently 
fitted models had ΔAICc ~ 2.    
  k AICc Δ AICc 
AICc 
Weight 
Cumulative 
AICc Weight 
- Log 
Liklihood 
Core Type * Snow 6 542.8 0 1 1 -265.2 
Global Model 11 559.1 16 0 1 -272.7 
Core Type * Frost 6 569.4 27 0 1 -278.5 
Snow 4 591.3 48 0 1 -291.5 
Frost 4 599.2 56 0 1 -295.5 
Core Type * Vol. Water Content 6 611.4 69 0 1 -299.5 
Core Type * Min. Winter Soil Temp 6 615.9 73 0 1 -301.8 
Core Type * Grav. Water Content 6 616.8 75 0 1 -303.5 
Soil Temperature 4 619.7 77 0 1 -305.8 
Core Type 4 625.0 82 0 1 -308.4 
Min. Winter Soil Temp 4 625.3 82 0 1 -308.6 
Grav. Water Content 4 625.7 83 0 1 -308.7 
Core Type * Soil Temperature 6 625.8 83 0 1 -308.7 
Vol Water Content 4 633.5 91 0 1 -312.7 
random intercept 3 633.7 91 0 1 -313.8 
Root Biomass 4 635.8 93 0 1 -313.8 
( k – number of parameters in the model, AICc – Akaike Information Criteria score,  ΔAICc – difference in AICc scores among models, 
AICc Weight – evidence attributed to model, relative to others tested) 
 
  
 
8
9
   
Table 4.4 Regression coefficients for linear mixed-effects models testing for the effect of winter climate (snow or frost depth AUC, 
minimum winter soil temperature) or the interaction between winter climate and the presence or absence of roots (soil core type; root 
exclusion or root ingrowth) on microbial enzyme activity, net nitrification, net N mineralization in organic soils incubated ≤ 5 cm 
below the soil surface.  
    Elevation  
Core x 
Elevation Frost 
Core x 
Frost Min Temp  
Core x Min 
Temp Snow 
Core x 
Snow 
Acid Phosphatase 
slope  0.021 -0.008 0.004 0.005 2.459 -0.485 -0.001 0.000 
P  0.00 0.08 0.31 0.10 0.00 0.42 0.01 0.15 
R2 0.23 0.26 0.04 0.06 0.23 0.25 0.10 0.11 
NAG 
slope  0.0022 0.0007 0.0008 -0.0006 -0.0962 0.1551 -0.0001 0.0000 
P  0.40 0.44 0.24 0.28 0.65 0.25 0.14 0.52 
R2 0.06 0.07 0.01 0.01 0.01 0.01 0.01 0.01 
Beta-glucosidase 
slope  0.0044 -0.0036 -0.0015 0.0018 0.4790 -0.2371 0.0001 -0.0002 
P  0.02 0.01 0.20 0.07 0.02 0.26 0.41 0.06 
R2 0.05 0.07 0.01 0.02 0.04 0.05 0.00 0.01 
Cellobiohydrolase 
slope  0.0022 -0.0008 0.0003 0.0001 0.2255 -0.0632 -0.0002 0.0000 
P  0.04 0.15 0.53 0.87 0.03 0.44 0.01 0.95 
R2 0.03 0.06 0.01 0.02 0.03 0.05 0.05 0.08 
Phenol Oxidase 
slope  0.0018 0.0005 -0.0001 -0.0014 0.3355 0.1063 -0.0001 0.0001 
P  0.08 0.61 0.91 0.03 0.27 0.69 0.09 0.07 
R2 0.06 0.10 0.02 0.07 0.05 0.10 0.01 0.09 
Peroxidase 
slope  -0.0015 -0.0001 -0.0026 -0.0010 -0.2756 0.0574 0.0002 0.0001 
P  0.19 0.89 0.02 0.04 0.03 0.63 0.00 0.06 
R2 0.04 0.01 0.12 0.03 0.04 0.04 0.20 0.25 
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Table 4.4 continued 
  
  Elevation  
Core x 
Elevation Frost 
Core x 
Frost Min Temp  
Core x Min 
Temp Snow 
Core x 
Snow 
Net N 
Mineralization 
slope  0.0490 0.0224 0.0374 -0.0128 5.2083 2.3361 -0.0034 0.0009 
P  0.30 0.04 0.00 0.09 0.02 0.10 0.00 0.23 
R2 0.05 0.05 0.06 0.07 0.07 0.08 0.23 0.23 
Net Nitrification 
slope  0.0051 -0.0035 -0.0089 0.0051 0.7273 -0.3675 0.0009 -0.0006 
P  0.15 0.04 0.00 0.00 0.00 0.10 0.00 0.00 
R2 0.17 0.22 0.30 0.38 0.19 0.24 0.32 0.47 
  
  
 
9
1
   
Table 4.5 Regression coefficients for linear mixed-effects models testing for the effect of winter climate (snow or frost depth AUC, 
minimum winter soil temperature) or the interaction between winter climate and the presence or absence of roots (soil core type; root 
exclusion or root ingrowth) on microbial enzyme activity, net nitrification, net N mineralization in mineral soils incubated 5 cm to 15 
cm below the soil surface.  
  
    Elevation  
Core x 
Elevation Frost 
Core x 
Frost 
Min 
Temp  
Core x 
Min Temp Snow 
Core x 
Snow 
Acid Phosphatase 
slope  0.004 0.001 -0.003 0.000 0.557 0.022 0.000 0.000 
P  0.18 0.62 0.01 0.75 0.04 0.92 0.23 0.10 
R2 0.07 0.17 0.10 0.19 0.11 0.18 0.07 0.12 
NAG 
slope  0.0001 0.0005 -0.0001 -0.0001 0.0328 0.0632    0.001 0.0000 
P  0.78 0.07 0.65 0.45 0.54 0.14 0.02 0.06 
R2 0.01 0.07 0.01 0.06 0.07 0.08 0.06 0.09 
Beta-glucosidase 
slope  0.0003 0.0009 -0.0002 -0.0003 0.0738 0.1278 -0 4.59E-05 
P  0.43 0.01 0.25 0.12 0.12 0.02 0.00 0.07 
R2 0.05 0.08 0.05 0.08 0.08 0.11 0.12 0.12 
Cellobiohydrolase 
slope  0.0008 -0.0002 -0.0007 0.0003 0.2906 0.0103      0.01 0.0000 
P  0.36 0.60 0.06 0.27 0.00 0.87 0.00 0.79 
R2 0.01 0.01 0.03 0.03 0.09 0.09 0.26 0.26 
Phenol Oxidase 
slope  0.0008 0.0003 -0.0006 0.0001 0.3481 -0.1987      0.00 -0.0001 
P  0.48 0.67 0.21 0.76 0.00 0.06 0.00 0.01 
R2 0.02 0.06 0.03 0.06 0.10 0.13 0.06 0.13 
Peroxidase 
slope  -0.0005 0.0005 0.0002 0.0000 0.0276 -0.1668      0.03 -0.0002 
P  0.69 0.44 0.71 0.93 0.86 0.13 0.00 0.00 
R2 0.00 0.01 0.00 0.01 0.00 0.02 0.33 0.34 
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Table 4.5 continued 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    Elevation  
Core x 
Elevation Frost 
Core x 
Frost Min Temp  
Core x 
Min Temp Snow 
Core x 
Snow 
          
Net N 
Mineralization 
slope  0.0037 0.0017 -0.0028 -0.0008 1.0081 0.1993  0.005 0.0001 
P  0.57 0.28 0.07 0.52 0.01 0.48 0.00 0.53 
R2 0.00 0.01 0.10 0.10 0.24 0.24 0.18 0.18 
Net Nitrification 
slope  -0.0002 0.0008 -0.0006 -0.0005 0.3263 0.0639 0.001 0.0000 
P  0.88 0.19 0.19 0.12 0.00 0.40 0.37 0.75 
R2 0.01 0.02 0.06 0.07 0.24 0.25 0.00 0.01 
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Figure 4.1 Root biomass (a) in ingrowth and exclusion cores across all dates, (b) on each 
harvest  date, (c) root ingrowth versus snow depth AUC (area under the curve), or(d) 
frost depth AUC.  
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Figure 4.2 Net nitrification was (a) positively related to snow depth AUC. Nitrification 
rates and N mineralization rates were (b) positively related in root ingrowth cores only. 
Points in both figures are means averaged across plots for cores collected in October 
2012 and 2013. 
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Figure 4.3 Volumetric water content in organic soils was related positively to (a) 
cellobiohydrolase and (b) phenol oxidase potential activity, (d) net N mineralization; yet 
(c) related negatively to the potential activity of peroxidase. Dashed lines are the 95% 
confidence interval. Points are plot-level averages of root ingrowth and exclusion cores 
(n=18).  
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Figure 4.4 Gravimetric soil moisture content in root exclusion and ingrowth cores. Points 
are plot-level means (n=18) averaged across sampling dates (July or October 2012 and 
October 2013). Trend line shows relationship in organic soils, excluding one outlier data 
point. 
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Figure 4.5 Deep and persistent snow cover (a) currently leads to higher net N 
mineralization and net nitrification rates. Higher soil N availability increases relative root 
N uptake, partially inhibiting nitrification. Loss of snow cover or drier soils in the future 
are likely to (b) decrease net N mineralization and nitrification rates and reduce N 
availability to trees. This is likely to occur in spite of increased compensatory root 
regrowth associated with more frequent winter soil freeze-thaw events that cause root 
damage. 
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CHAPTER FIVE - Ectomycorrhizae and winter snow depth  
mediate soil N cycling across a winter climate gradient 
Abstract 
Climate model projections indicate that rising winter air temperature will reduce 
snow depth and duration in northern hardwood forests. Reductions in snow depth and 
duration are known to affect tree roots. Roots in turn mediate soil nitrification rates in 
response to winter snow depth decline. Yet whether plant roots affect the relative 
abundance or distribution of specific soil bacterial or fungal taxa in response to winter 
climate change remains largely unknown. We incubated root exclusion and root ingrowth 
cores along a winter climate gradient for 29 months to identify direct (e.g. winter snow- 
and soil frost-mediated) and indirect (e.g. root-mediated) effects of winter climate change 
on bacterial and fungal community composition. Bacterial community composition and 
diversity was significantly affected by root ingrowth along the gradient (P < 0.05) and 
winter snow or soil frost depth and duration accounted (i.e. adjusted R2) for about 16.5% 
of the variation in bacteria community composition (P < 0.01). Root biomass was 
significantly related to fungal community composition (adjusted R2 = 0.39 to 0.40, P < 
0.01). Ectomycorrhizal abundance increased nearly three-fold in root ingrowth compared 
to root exclusion cores at sites with the deepest winter snow. Moreover, net N 
mineralization rates were related positively to ectomycorrhizal abundance in root 
ingrowth cores (R2 = 0.41, P < 0.01). Should winter snow cover continue to decline as 
projected, the competitive advantage conferred to ectomycorrhizal fungi by associating 
with tree roots may diminish, as demonstrated by decreased ectomycorrhizal abundance 
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at low elevation. Thus, as winter air temperatures continue to increase, plant roots and 
winter snow depth will interact to influence the distribution of microbial functional 
groups across northern hardwood landscapes, and affect soil nutrient cycling in these 
forests. 
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Introduction 
Snow cover is a critical factor that determines winter soil temperatures in mid-
latitude temperate ecosystems that typically experience a seasonal snowpack (Zhang 
2005, Burakowski et al. 2008). Due to the insulating nature of snow, the timing of 
snowpack onset, occurrence of episodic snow events, and total annual snowfall interact 
with air temperature in the winter season to influence soil temperature and soil freeze-
thaw events (Isard and Schaetzl 1998, Henry 2008, Kreyling and Henry 2011). Climate 
model projections indicate that rising winter air temperatures will reduce the depth and 
duration of winter snow cover during the next century in northeastern U.S. forests 
(Hayhoe et al. 2007), resulting in lower winter soil temperatures and an increased number 
of soil freeze-thaw events (Campbell et al. 2010, Brown and DeGaetano 2011). 
Snowpack reduction and increased winter soil freezing are known to negatively affect 
root health and nutrient uptake during the growing season (Tierney et al. 2001, Cleavitt et 
al. 2008, Campbell et al. 2014), as well as reduce soil microbial exoenzyme production, 
rates of nitrification, and denitrification (Durán et al. 2014, Morse et al. 2015). 
Compensatory root growth during the growing season due to winter soil freezing reduces 
rates of net nitrification (Sorensen et al, in review, Ecology), an indication that plants 
mediate a microbial functional response to changes in snow cover. However, whether 
plant roots affect the relative abundance or distribution of specific soil bacterial or fungal 
taxa in response to winter climate change remains largely unknown.  
Loss of winter snow cover will likely directly affect both soil fungi and bacteria 
negatively due to the physiological stress associated with soil freezing (Schimel et al. 
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2007). However, the mycelial growth habit of soil fungi may leave this group relatively 
more susceptible to snowpack loss because of the disruption of soil aggregate structure 
caused by soil-freeze thaw events (Matzner and Borken 2008). Soil freeze-thaw cycles 
have been shown to reduce the ratio of C:N in microbial biomass in lab incubations, 
which suggests a relative community shift from fungal toward bacterial dominance 
(Nieminen and Setala 2001, Larsen et al. 2002). However, snow removal in a northern 
hardwood forest in Michigan led to increased winter soil freeze-thaw events and 
increased fungal compared to bacterial abundance (Aanderud et al. 2013). The 
discrepancy in patterns observed in lab- versus field- experiments may partially be 
explained by lack of plant-microbial interactions in the laboratory incubations because 
those lab studies (Nieminen and Setala 2001, Larsen et al. 2002) examined soil microbes 
in the absence of roots.  
Studying the effect of declining winter snow depth on root-microbial interactions 
in the field is critical because the effect of snowpack reduction on plant roots is likely to 
indirectly to lead to changes in microbial community composition and function. For 
example, root C exudates increase the abundance and richness of fungal and bacterial 
communities (De Graaff et al. 2010, Shi et al. 2011), and it is possible that reductions in 
C availability caused by soil freezing-induced mortality of roots could lead to reductions 
in microbial diversity. Furthermore, because root production increases in growing 
seasons following snowpack reduction in the previous winter (Tierney et al. 2001, 
Cleavitt et al. 2008), compensatory regrowth of roots could alter relative abundance of 
bacteria and fungi through changes in plant-microbe competition for nutrients and water 
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and these could persist throughout the growing season. Hence, soil microbial community 
composition may respond directly to reductions in the depth or duration of the winter, or 
indirectly to the effects that reduced snow cover have on plant roots. 
Winter snowpack reduction effects on soil nutrient cycling may depend on 
whether specific microbial functional groups are affected. For example, losses of specific 
functional groups distributed across a narrow phylogenetic range (e.g. ammonia-
oxidizing bacteria) could have large effect on ecosystem function due to limited 
functional redundancy among the remaining community (Morales et al. 2010, Rocca et 
al. 2015). Alternatively, distinct fungal guilds, such as white- versus brown-rot 
saprotrophs or ecto-versus arbuscular mycorrhizae, are polyphyletic yet produce different 
exoenzymes with distinct biochemical characteristics (Hodge et al. 2001, Read and 
Perez-Moreno 2003, Schneider et al. 2012, Riley et al. 2014). Ectomycorrhizal fungi 
acquire C directly from roots also decompose and mine soil organic matter (SOM) for N , 
which is hypothesized to induce N-limitation and suppress saprotroph activity (Gadgil 
and Gadgil 1971), and lead to lower rates of decomposition and increased soil C storage 
(Orwin et al. 2011, Averill et al. 2014, Fernandez and Kennedy 2016). However, 
ectomycorrhizae have also been shown to enhance decomposition rates and increase N 
mineralization by utilizing oxidative exoenzymes to decompose SOM (Dighton et al. 
1987, Zhu and Ehrenfeld 1996, Bodeker et al. 2014, Clemmensen et al. 2015). Therefore, 
if long-term declines in snow cover are associated with changes in the relative abundance 
of fungal functional groups, then continued declines in winter snow cover may have large 
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effects on patterns of exo-enzyme production, SOM decomposition, and ecosystem 
nutrient retention. 
At Hubbard Brook Experimental Forest (HBEF) in the White Mountains of New 
Hampshire, low elevation sites experience relatively shallow winter snow cover. 
Consequently, soil frost depth and duration is greater at low compared to high elevation 
sites, which experience relatively deep snow, warmer winter soil temperatures, and less 
frequent soil freezing (Durán et al. 2014). We took advantage of this natural winter 
climate gradient and incubated soil root ingrowth and exclusion cores in situ for 29 
months, to determine the direct (e.g. winter snow- and soil frost-mediated) and indirect 
(e.g. root-mediated) effects of winter climate change on bacterial and fungal community 
composition. We hypothesized that (1) microbial diversity is related positively to snow 
depth and duration and that microbial community composition varies with snow along the 
winter climate gradient; (2) root ingrowth exerts stronger influence on bacterial and 
fungal community composition than snow or soil frost; that (3) the relative abundance of 
saprophytic fungi increase and the relative abundance of mycorrhizal fungi decrease in 
root exclusion compared root ingrowth cores and at low compared to high elevation sites; 
and lastly; (4) ectomycorrhizal abundance would be related positively to oxidative 
enzyme activity and net N mineralization. 
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Methods 
Field Site Description 
 The HBEF is located in the White Mountain National Forest in central New 
Hampshire, USA (43.56˚ N, 71.45˚ W). Elevation ranges from approximately 225 m to 
1100 m. Mean maximum air temperature is 19° C, mean minimum air temperature is -9° 
C, and mean annual temperature has increased by approximately 0.3 ° C decade-1 over 
the last 50 years (Hamburg et al. 2013). Annual precipitation is about 1200 mm, one-third 
of which occurring as snow (Bailey et al. 2003). Winter snowpack is often 70 cm to 100 
cm and winter soil frost depth ranges from 0 cm to 25 cm depth below the soil surface 
(Campbell et al 2010). Over the last 50 years, winter snowpack depth has declined by 26 
cm and the duration of winter snow cover has decline by four days per decade 
(Burakowski et al. 2008, Hamburg et al. 2013). 
The soils at HBEF are acidic (pH 3.9 to 4.5) with an organic layer consisting of 
leaf-litter (Oi), dense root-mat and decomposing organic material (Oe), and a nutrient 
rich humus layer (Oa) extending 5 cm to 6.5 cm below the soil surface (Bohlen et al. 
2001). Forest type at Hubbard Brook is northern hardwood forest with tree species 
including American beech (Fagus grandifolia), sugar maple (Acer saccharum), eastern 
hemlock (Tsuga canadensis) and yellow birch (Betula alleghaniensis). Red spruce (Picea 
rubens) and balsam fir (Abies balsamea) are found at high elevation (i.e. above 740 m). 
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Winter Climate Gradient at Hubbard Brook 
In this study, we used 6 sites along the climate gradient; three on north-facing 
slopes at high elevation (535 m, 555 m, and 595 m) and three on south-facing slopes at 
low elevation (375 m, 411 m, and  511 m), which naturally differed in winter snow, soil 
frost, and winter soil temperature. Each site was located in sugar maple dominated stands 
with similar soil characteristics (Durán et al. 2014). Starting in winter 2010/11 and 
continuing through winter 2013, snow depth was measured using a Federal Snow 
Sampling Tube (Rickly Hydrological Company, Columbus, OH, USA) at bi-weekly 
intervals. Soil frost depth was measured using methylene blue dye-filled frost tubes 
(Riccard et al. 2013; Campbell et al. 2014). Snow depth and soil frost depth data are 
available online http://hubbardbrook.org/data/dataset.php?id=136. Soil volumetric water 
content and soil temperature were also measured continuously from December 2010 to 
November 2013 using Decagon 5TM combination probes and Decagon EM50 data-
loggers.  
Root Exclusion and Root Ingrowth Cores 
Three 1 m x 2 m plots, separated by at least 50 m, were established at all six sites 
(18 plots total) in May 2011. Each plot was subdivided into eight 50 cm x 50 cm litter 
boxes that were harvested sequentially starting in January 2012 and finishing in October 
2013. Root exclusion cores (5 cm diameter x 15 cm length) were constructed of nylon 
mesh that excluded roots (50 μm pore size) from growing into the core, but did not 
prevent hyphal ingrowth. The root ingrowth cores (5 cm diameter x 15 cm length) were 
constructed of nylon mesh (2 mm pore size) that allowed fine-roots to grow into the soil 
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core. The cores were filled with native soil that was hand-sorted in the field to remove 
roots, gravel, and coarse woody debris. The bottom 10 cm of each nylon core was filled 
with homogenized mineral soil (B-horizon), whilst the top 5 cm was packed with 
homogenized organic horizon soil (Oe/A). Cores of each type (root exclusion and 
ingrowth) were installed in duplicate in at all 18 plots along the gradient (6 sites x 3 
replicate plots x 2 core types x 2 duplicate cores  = 72 cores total). We harvested the 
cores in October 2013 (i.e. 29 months after installation; n= 36 exclusion and 36 ingrowth 
cores total at each sampling time). The cores were kept cool on wet ice until they were 
processed for microbial activity and biomass assays within 48 hours of field-collection. 
Soil Core Processing, Root Biomass, and Root Production 
Organic horizon soil (< 5 cm below soil surface, see definition above) and mineral 
soil (> 5 cm below soil surface, see definition above) were removed from each core and 
kept separate during lab processing. A subsample of each core was stored at -80° C for 
subsequent microbial community analyses. Fine roots (< 2 mm) were removed using 
forceps and root biomass (mg dry mass cm-3) was determined after drying the roots for 
48 hours at 60 ˚C. Because each soil core was initially free of fine-roots when it was 
placed in the field, root biomass ingrowth over time is an index of root production along 
the gradient. A subsample of each core was also dried at 60 °C for 48 hours to determine 
the gravimetric water content of each sample.  
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Microbial Exo-Enzyme Activity and Soil N Cycling Rates 
The activity of four hydrolytic microbial exo-enzymes - acid phosphatase, β-N-
acetylglucosaminidase, β-1,4-glucosidase and cellobiohydrolase were measured in each 
soil core on each sampling date. Acid phosphatase mineralizes phosphate groups from 
soil organic matter, β-N-acetylglucosaminidase hydrolyzes amino sugars and chitin in 
soil, and both β-N-acetylglucosaminidase and cellobiohydrolase breakdown components 
of cellulose.  
A soil slurry consisting of 1.5 g field-moist soil in 100 mL 250 mM sodium 
acetate buffer was mixed on a stir plate for 1 minute. Eight 200 μL analytical replicates 
were aliquoted onto black 96 well flat-bottom microplates along with 50 μL 
methylumbelliferone (MUB) linked-substrate and the activity-saturating concentration 
(AP - 4000 μM; NAG – 2000 μM; BG - 2000 μM; CBH – 1750 μM) of MUB linked-
substrate. The microplates were incubated in the dark at 20˚ C for 2 hours before enzyme 
activity was determined fluorometrically (Gemini XS Spectramax, Molecular Devices; 
Sunnyvale, CA). 
The activity of two additional oxidative microbial enzymes, phenol oxidase (PPO) 
and peroxidase (PERX), was measured on each sampling date. These enzymes are 
associated with the breakdown of lignin and recalcitrant soil C. A soil slurry of 1.5 g soil 
in 100 mL 50 mM sodium acetate buffer was mixed on a stir plate for 1 minute. Eight 
200 μL analytical replicates were aliquoted onto 96 well clear, flat-bottom microplates 
along with 50 μL 25 mM L-DOPA. Enzyme activity was determined colorimetrically (λ 
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= 460 nm) after a four hour incubation period using a Spectramax microplate 
spectrophotometer (Molecular Devices; Sunnyvale, CA). 
Rates of net N mineralization and nitrification were measured in short-term lab 
incubations. A subsample (10 g) of field-moist root-free soil was immediately extracted 
in 30 mL 2 M KCl while a separate 10 g subsample was incubated at 22° C in the dark 
for 14 days, then extracted as described above. The concentrations of NH4+ and NO3-   
in each extract was determined colorimetrically using a Versamax microplate 
spectrophotometer (Molecular Devices; Sunnyvale, CA; Sims et al., 1995, Doane and 
Horwath 2003). Net nitrification (μg N g soil-1 day-1) was calculated as the difference in 
NO3- measured in the Tf and To subsamples, correcting for the water content of the soils 
and dividing by the incubation period. Potential net N mineralization (μg N g soil-1 day-
1) was calculated as the difference in the sum of NH4+ plus NO3- measured in the  Tf 
and To subsamples divided by the incubation period.  
Illumina library preparation, sequencing, and bioinformatics 
DNA was extracted from three replicate subsamples of each soil sample (3 
extractions x 144 soils total) using the Powersoil DNA Extraction Kit (MoBio, Carlsbad 
CA) following the manufacturer’s instructions. We followed the PCR amplification and 
library preparation protocol established in Smith and Peay (2014), combining replicate 
DNA extractions prior to one PCR amplification reaction per soil sample. We amplified 
both the hyper-variable V4 region of the 16S rRNA gene sequence or the internal 
transcribed spacer region (ITS1) for identification of bacterial or fungal taxa, 
respectively. Modified forward and reverse PCR primers for bacteria (518F-807) and 
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fungi (ITS1F-ITS2R) included the forward and reverse Illumina Nextera adapters, as well 
as a 12-bp error correcting Golay barcode at the 5’ end of the reverse primers. PCR was 
completed in 25 µL reactions using 1 µL of DNA, 0.5 µL of 10 µM forward and reverse 
primer, 5 µL of 5x OneTaq Hot Start Standard Reaction Buffer (New England Biolabs, 
Ipswich MA), and 0.130 units of Fusion Hotsart Taq polymerase (New England Biolabs, 
Ipswich). Bacterial PCR conditions were denaturation 94 °C for 3 min, 35 amplification 
cycles of 94 °C for 45 secs, 50 °C for 1 min, and 68 °C for 1:30 minute, and a final 
extension at 68 °C for 10 min. Fungal PCR conditions were 94 °C for 1:30 minute, 30 
amplification cycles of 94 °C for 30 secs, 51 °C for 1 min, and 68 °C for 1 minute, and a 
final extension at 68 °C for 5 min. PCR products were visualized on agarose by staining 
the amplicons with SYBR green, following which the PCR products were cleaned using 
Solid-Phase Reversible Immobilization (SPRI) paramagnetic beads (DeAngelis et al. 
1995, Fisher et al. 2011). Cleaned PCR products were quantified using the Qubit hs-DS-
DNA kit (Invitrogen, Carlsbad CA) and pooled in equimolar concentrations to create one 
bacterial and one fungal sequencing library. The libraries were multiplexed on a single 
lane for 250 bp paired-end Illumina Miseq sequencing completed at the Tufts University 
Genomics Core Facility (Boston, MA).  
 Reads were trimmed at both the 5’ and 3’ end of the read to the distal sequence 
priming site using CutAdapt v1.9.1 (Martin 2012). Additional low quality regions, 
defined as base quality encoding below PHRED-33, were also removed from each end of 
the sequence (up to a maximum of 20 bp) using Trimmomatic v0.35 (Bolger et al. 2014). 
Reads were paired using USEARCH v7.0 (Edgar 2010). Paired-reads for 16S (total = 4.5 
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million paired reads) averaged 250 bp and paired-reads for ITS (total = 2.7 million paired 
reads) averaged 226 bp. Paired-reads were discarded if they contained more than 0.25 
errors. We used USEARCH to cluster operational taxonomic units (i.e. OTUs) at 97% 
similarity and to detect and filter out chimeras and singletons. 16S reads were assigned to 
6345 bacterial OTUs and ITS reads were assigned to 1479 fungal OTUs. Taxonomy was 
assigned using the assign_taxonomy.py command in QIIME v1.9.0 (Caporaso et al. 
2010) by referencing the Greengenes database (release 13_5) for bacterial OTU 
taxonomy assignment (DeSantis et al. 2006) or the UNITE database (v7.0) for fungal 
OTU taxonomy assignment (Koljalg et al. 2005). Because sampling depth influences 
abundance based metrics of α-diversity (Gotelli and Colwell 2001), we rarefied reads to 
even sampling depth prior to calculating OTU richness, Simpsons Dominance, and 
Faith’s phylogenetic diversity using QIIME. Sequencing depth is also known to affect 
abundance-based measures of β-diversity and normalization procedures are currently an 
active area of research (McMurdie and Holmes 2014, Smith and Peay 2014, Weiss et al. 
2015). We rarefied OTU tables to 7000 reads or 5000 reads per sample prior to 
calculating bacterial and fungal community β-diversity, respectively, which likely 
decreased the power of our analysis and ability to detect differences in community 
structure across samples (McMurdie and Holmes 2014, Weiss et al. 2015). Fungal OTUs 
were assigned to trophic modes and functional guilds by comparing fungal OTU 
taxonomic assignments to annotated databases using FUNguild v1.0 (Nguyen et al. 
2016). 
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Statistical Analysis   
All statistical analyses were conducted using R v. 3.2.0 (R Development Core 
Team 2010). Snow or soil frost depth measurements made throughout winter at each site 
were converted into a continuous variable (area under the curve = AUC) by calculating 
the integral of the time (days) versus snow or frost depth (cm) relationship using the R 
package ‘pracma’ (Borchers 2011). Soil frost AUC was determined independently for the 
organic soils (0 cm to 5 cm below soil surface) and for the mineral soil in each soil core 
(> 5 cm below soil surface). Mean monthly soil temperature or volumetric water content 
were calculated from mean daily values measured from December 2010 to November 
2013. Differences in mean monthly soil temperature or volumetric water content across 
site were assessed using linear-mixed effects models with Year as the random effect in 
the model using the R package ‘nlme’ (Pinheiro et al. 2016). Linear-mixed effects models 
were also used to test for the main effects and possible interactions between soil core type 
(i.e. root exclusion versus root ingrowth) and elevation in determining bacterial and 
fungal α-diversity across the climate gradient. Plot was the random factor in the model to 
account for repeated sampling at each site.  
Permutational analysis of variance (permANOVA, permutations n = 9999) was 
used to test for soil core type, elevation, or an soil core type x elevation interaction effects 
on bacterial or fungal community β-diversity. Distance-based redundancy analysis (db-
RDA, permutations n = 999) was used to determine the extent to which snow or soil frost 
depth AUC, site level mean soil temperature, volumetric water content, root biomass dry 
biomass, or gravimetric water content in the soil core could explain (i.e. R2 adjusted) 
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differences in bacterial or fungal community β-diversity across samples. Generalized 
linear models (GLMs) with a binomial error distribution and probit link function were 
used to determine whether the relative sequence abundance of distinct fungal functional 
guilds differed by soil core type, elevation, or a soil core type x elevation interaction. We 
acknowledge that sequence abundance may not perfectly represent actual biomass or 
across fungal taxa in our sequencing library (Amend et al. 2010, Nguyen et al. 2015), 
therefore sequence abundance represents the relative abundance of distinct taxa and 
functional groups. Statistical differences across groups and/or relationship between 
factors and outcomes were in inferred if P ≤ 0.05, while P ≤ 0.10 was taken to indicate 
marginal differences across groups or associations between factors and outcomes 
(Murtaugh 2014). 
Results 
Snow depth area under the curve (AUC) during winter was related negatively to 
soil frost depth AUC in organic soils that were incubated less than 5 cm below the soil 
surface (R2 = 0.86, P ≤ 0.001; Figure 5.1a). Frost depth AUC declined exponentially in 
the mineral soil horizon (> 5 cm below the surface) as snow depth AUC increased from 
low to high elevation sites (Figure 5.1b). Mean monthly volumetric water content ranged 
from approximately 0.25 m3 H2O m
-3 soil-3 to 0.52 m3 H2O m
-3 soil-3 (Figure 5.1c). Water 
availability generally increased from low to high elevation and differed more among sites 
compared to mean monthly soil temperature (Figure 5.1c). Mean monthly soil 
temperature at the time that the soil cores were harvested from the gradient (October 
2013) differed only among the highest and lowest elevation sites along the gradient 
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(about a 1 °C difference). Across sites, there were no differences in bulk density, soil C:N 
or root C:N ratio among root exclusion and ingrowth cores (Table 5.1). However, soil 
moisture was higher in root exclusion compared to root ingrowth cores in the organic soil 
(Table 5.1).  
Bacterial OTU richness across sites and core types ranged from approximately 
and generally increased with elevation in both soil horizons (Table 5.2). Phylogenetic 
diversity of bacteria also increased with elevation, but in the mineral soil horizon only. 
Fungal OTU richness ranged from approximately 119 to 280 OTUs across sites and core 
types (Table 5.2). Fungal OTU richness and phylogenetic diversity in the organic soil 
horizon also increased with elevation, but in the root ingrowth cores only (Table 5.2).  
 Root ingrowth (F =3.8, P < 0.001), elevation (F = 9.8, P < 0.001), and their 
interaction (F = 1.3, P < 0.05) affected bacterial community composition in the organic 
soil horizon (Figure 5.2a). Bacterial community structure in the organic soil horizon at 
the two lowest elevation sites (375 m and 411 m) was significantly different than mid-
elevation sites (511 m to 555 m) or the highest elevation site (595 m). Snow depth AUC, 
soil frost depth AUC, and volumetric soil moisture content could explain (i.e. adjusted 
R2) 14%, 17%, and 17% of the variation in bacterial community structure in organic soils 
across the climate gradient, respectively (Table 5.3). At the highest elevation site, 
bacterial community structure was also significantly different among root exclusion 
versus root ingrowth cores (Figure 5.2a), but root biomass could not account for this 
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pattern (Table 5.2). Similar trends in bacterial community structure were also observed in 
the mineral soil horizon (Figure 5.2b).  
Unlike the soil bacterial community, fungal community composition in the 
organic horizon was not affected by soil core type, elevation, or their interaction (P > 
0.05, Figure 5.2c). Also in contrast to the bacterial community, root biomass accounted 
for a significant amount of the variation in fungal community structure in both organic 
(adjusted R2 =0.39, P < 0.01, Table 5.3) and mineral soil horizons (adjusted R2 =0.40, P < 
0.01, Table 5.3).  
Functional guilds were assigned to 497 OTUs OTUs of 1299 fungal OTUs in the 
organic soil and to 607 OTUs of 1479 fungal OTUs in the mineral soil horizon. The 
relative sequence abundance of saprophytic fungi was greater than the relative sequence 
abundance of mycorrhizal fungi (arbuscular, ecto-, and ericoid combined) or plant 
pathogens when examining all of the sites together (Figure 5.3a). However, the mean 
relative abundance of these distinct fungal trophic modes did not differ among root 
exclusion versus root ingrowth cores (P >0.05, Figure 5.3a). By contrast, the relative 
distribution of functional guilds varied with elevation (permANOVA F = 2.53, P < 0.05, 
Figure 5.3b) and in some cases by soil core type (Figure 5.3c, 3d). For example, root 
ingrowth reduced the relative sequence abundance of saprophytic fungi by about 20% (P 
< 0.05, Figure 5.3c), but increased the relative sequence abundance of ectomycorrhizal 
fungi nearly 3-fold at the highest elevation site (i.e. 595 m, P < 0.05, Figure 5.3d). Snow 
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or soil frost depth AUC did not explain differences in the relative sequence abundance of 
saprotrophic or ectomycorrhizal abundance among sites in either soil horizon. 
 Net N mineralization rates in the organic soil horizon were related positively to 
ectomycorrhizal relative sequence abundance in root ingrowth cores (R2 = 0.41, P < 
0.001, Figure 5.4a), but not in root exclusion cores. Similarly, net N mineralization rates 
in the organic soil horizon were inversely related to saprotrophic relative sequence 
abundance in the root ingrowth cores only (R2 = 0.41, P < 0.001, Figure 5.4b). Similar 
patterns were observed in the mineral soil horizon. Neither net nitrification rates nor 
exoenzyme activities were related (i.e. P > 0.05) to bacterial or fungal diversity or  
community composition. The one exception was that peroxidase activity exoenzyme 
activity was related positively to the relative sequence abundance of ectomycorrhizal 
fungi in both the organic and mineral soil horizons (P < 0.05).  
Discussion 
Winter snow cover is known to affect bacterial and fungal community 
composition in ecosystems that experience a seasonal snowpack (Lipson and Schmidt 
2004, Aanderud et al. 2013, Buckeridge et al. 2013), but previous studies have not tested 
whether roots indirectly modify the bacterial or fungal response to reductions in winter 
snow depth and duration. In this study, we partitioned the direct (e.g. winter snow- and 
soil frost-mediated) and indirect (e.g. root-mediated) effects of winter climate change on 
bacterial and fungal community composition by incubating root exclusion and ingrowth 
soil cores along a natural winter climate gradient for 29 months. Supporting hypothesis 1, 
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both bacterial and fungal community structure and diversity were related to location 
along the snowpack gradient. Consistent with hypothesis 2, root ingrowth resulted in 
significant differences in bacterial community structure and diversity, affected the 
relative abundance of distinct fungal guilds, and root biomass explained nearly half of the 
variation in fungal community composition across the gradient. Hypotheses 3 was also 
supported, saprotrophic fungal abundance declined and ectomycorrhizal increased from 
low to high elevation sites and in root ingrowth compared to root exclusion cores. Our 
results also support hypothesis 4 because ectomycorrhizal fungal abundance was 
positively correlated with peroxidase activity and net N mineralization. Thus, identifying 
patterns in microbial community composition that are indirectly attributable to root 
dynamics can be used to infer forest ecosystem responses to departures from historical 
snowfall trends, which can also be linked to the relative distribution of specific fungal 
functional guilds that influence organic matter decomposition and soil nutrient cycling. 
Microbial community composition and diversity are known to vary at the 
landscape-scale along gradients in temperature, precipitation, edaphic properties, and 
elevation (Bryant et al. 2008, Lauber et al. 2009, Angel et al. 2010). We utilized sites 
interspersed across the Hubbard Brook Experimental Forest watershed that vary in 
elevation and aspect, resulting in a natural winter climate gradient. As expected, bacterial 
and fungal community composition differ along the elevation gradient at Hubbard Brook. 
Other factors known to vary with elevation, including plant community composition, 
were controlled for by choosing sites that are dominated by sugar maple trees. Thus, the 
winter climate gradient approach is an appropriate tool for determining direct (e.g. winter 
 117 
 
snow- and soil frost-mediated) and indirect (e.g. root-mediated) effects of winter climate 
change on bacterial and fungal community composition. 
It remains unclear which specific root traits (e.g. root diameter or length, rate of 
root biomass production, mortality and turnover, nutrient uptake, etc.,) are driving 
differences in bacterial community composition and diversity observed among root 
exclusion and ingrowth cores. This is because neither root dry biomass nor gravimetric 
water content could explain a significant amount of the variation in bacterial community 
composition or diversity among root exclusion or ingrowth cores. By contrast, root dry 
biomass accounted for nearly half of the variation in fungal community composition. 
Root colonization by mycorrhizal fungi reduces the abundance of nitrifying and 
denitrifying bacteria and soil fungal abundance more generally alter bacterial community 
composition (Burke et al. 2012, Bender et al. 2014).I speculate that fungi, in addition to 
roots, mediate bacterial community composition and diversity across the Hubbard Brook 
watershed. 
 Saprotrophic fungi declined by about 20% while ectomycorrhizal abundance 
increased nearly three-fold in root ingrowth compared to exclusion cores at high 
elevation, implying that ectomycorrhizal fungi either competitively exclude saprotrophic 
fungi at high elevation or that reductions in winter snow depth decrease ectomycorrhizal 
niche-space at low elevation. Relative sequence abundance may be an index of relative 
fitness among fungal taxa, but relative sequence abundance is unlikely to capture neither 
the general nor the specific fungal traits employed to deal with declining winter snow 
cover. Therefore, we cannot conclude whether competitive exclusion versus niche 
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partitioning are responsible for the increase in ectomycorrhizal abundance, yet decline in 
saprophytic abundance, observed in root ingrowth cores at high elevation.   
Our observation that net N mineralization is positively correlated with the relative 
abundance of ectomycorrhizal fungi are similar to results from past lab- and field- 
experiments (Dighton et al. 1987, Zhu and Ehrenfeld 1996, Clemmensen et al. 2015), 
showing that in some cases ectomycorrhizae enhance decomposition rates and increase N 
mineralization. It is possible that C exudation from ectomycorrhizal hyphae stimulated 
saprotrophic activity and net N mineralization in root ingrowth compared to root 
exclusion cores (Phillips et al. 2011, Kaiser et al. 2015). Ectomycorrhizal fungi are also 
known to utilize oxidative enzymes to acquire N from soil organic matter (Bodeker et al. 
2014), and we observed positive correlations between peroxidase activity and 
ectomycorrhizal abundance. Oxidative enzyme activity is hypothesized to benefit 
ectomycorrhizal fungi via enhanced N mineralization rates and N availability (Lindahl 
and Tunlid 2015), as opposed to increased C acquisition. Thus, the relative abundance of 
ectomycorrhizal fungi is an important factor determining the response of northern 
hardwood forest to winter snowpack loss. 
 
Conclusion  
 Because plant roots indirectly exert significant influence on both microbial 
community composition and functional responses to declines in winter snow cover, 
incorporating a root-microbial interaction perspective into winter climate change research 
will lead to a more predictive understanding of the effect of snowpack decline on 
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northern hardwood forests. Should winter snow cover continue to decline as projected, 
the competitive advantage conferred to mycorrhizal fungi by associating with tree roots 
may diminish, as demonstrated by decreased ectomycorrhizal abundance at low elevation 
sites. Thus, as winter climate continues to change in the coming decades, plant roots and 
winter snow depth will interact to influence the distribution of microbial functional 
groups across northern hardwood landscapes, with significant consequences for soil 
nutrient cycling in these forests. 
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Table 5.1 Physical and chemical characteristics of root exclusion and root ingrowth cores 
across sites, units - bulk density = g dry soil cm-3, gravimetric water = g H2O g soil
-1. 
 
    Root Exclusion Root Ingrowth 
Soil Type Response Variable Median IQR Median IQR 
Organic Bulk Density 0.13 0.1-0.2 0.14 0.1-0.2 
 Soil C:N Ratio 18.9 17.4-19.9 18.6 17.3-20.3 
 Root C:N Ratio 24.8 21.9-27.5 24.1 22.3-26.4 
 Gravimetric Water 1.9 1.4-2.3 1.3 0.6-1.9 
Mineral Bulk Density 0.22 0.2-0.3 0.24 0.2-0.3 
 Soil C:N Ratio 18.4 14.1-20.2 17.70 14.9-20.8 
 Root C:N Ratio 31.5 28.5-35.3 25.70 23.5-27.8 
  Gravimetric Water 0.6 0.4-0.7 0.5 0.2-0.6 
  
 
1
2
2
    
Table 5.2 Median ± interquartile range alpha diversity along the winter climate gradient. Different upper-case letters indicate 
differences among sites, while different lower-case letters indicate significant differences among core types (within a site).  
Community 
  OTUs Simpsons Dominance Phylogenetic Diversity 
Elevation Exclusion Ingrowth Exclusion Ingrowth Exclusion Ingrowth 
Bacteria (Org) 375 1024
B ± 22 972B ± 48 0.006A ± 0.0004 0.006B ± 0.0009 63.6B ± 2.9 60.3B ± 2.4 
 401 1123
A ± 67 1100A ± 165 0.005B ± 0.0004 0.005C ± 0.0015 73.2A ± 5.3 68.1A ± 10.8 
 511 1047
B,a ± 48 891B,b ± 87 0.006A ± 0.0006 0.007B ± 0.0013 64.1B ± 4.4 54.7B ± 5.7 
 539 976
B ± 58 876B ± 34 0.007A,a ± 0.0004 0.007A,b ± 0.0009 59.8B ± 4 55.3B ± 1.9 
 555 1004
B ± 87 982AB ± 79 0.006AB ± 0.0008 0.006AB ± 0.0015 62.8B ± 5.7 60.1B ± 5 
 595 1052
AB ± 77 948B ± 49 0.005B ± 0.0013 0.007A ± 0.0010 65.5B ± 4.2 58.8B ± 2.6 
Bacteria (Min) 375 669
B ± 37 631B ± 24 0.007B ± 0.0006 0.0085B ± 0.0007 48.8B ± 0.9 45.1B ± 1.3 
 401 765
A ± 11 723A ± 24 0.0056B ± 0.0005 0.0067C ± 0.0002 54.0AB ± 1.1 51.2A ± 2.4 
 511 698
B ± 57 642AB ± 9 0.0072A,b ± 0.0016 0.0096B,a ± 0.0003 46.9BC ± 4.4 43.5B ± 0.7 
 539 617
C ± 60 613B ± 47 0.0102A ± 0.0013 0.0102A ± 0.0010 43.0C ± 3.6 41.6B ± 2.9 
 555 695
AB ± 28 687AB ± 32 0.0074B ± 0.0004 0.0076B ± 0.0001 47.9BC ± 1.2 46.5B ± 2.2 
 595 762
A ± 48 749A ± 23 0.0055C,a ± 0.0003 0.0056C,b ± 0.0008 54.3A ± 3.1 52.5A ± 1.7 
Fungi (Org) 375 163 ± 44.59 147
AB±10.66 0.31±0.05 0.37±0.03 103.3±24.7 101.4B±2.1 
 401 186±43.565 179
AB±37.7425 0.28±0.14 0.34±0.09 114.2±14.1 108.4B±9.3 
 511 166±24.1525 190
AB±17.62 0.28±0.12 0.24±0.06 114.1±10.5 120.2B±11.2 
 539 167±37.565 119
B±24.695 0.26±0.08 0.33±0.11 110.3±12.7 91.8B±11.4 
 595 220±38.81 212
A±23.3675 0.29±0.04 0.28±0.05 130.7±15.7 131.4A±2.4 
Fungi (Min) 375 234 ± 26 255 ± 18 0.14 ± 0.05 0.13 ± 0.03 139.7 ± 4.8 159.2 ± 23.9 
 401 260 ± 25 297 ± 18 0.13 ± 0.05 0.11 ± 0.09 147 ± 6.6 151.9 ± 14.7 
 511 246 ± 37 249 ± 16 0.11 ± 0.02 0.14 ± 0.05 158.2 ± 13.7 154.4 ± 8.9 
 539 213 ± 17 228 ± 39 0.27 ± 0.18 0.13 ± 0.26 125.3 ± 13 131.7 ± 12.3 
 555 224 ± 47 265 ± 46 0.21 ± 0.13 0.13 ± 0.03 133.6 ± 26.4 154.6 ± 13.3 
  595 279 ± 24 266 ± 63 0.1 ± 0.01 0.14 ± 0.06 164.8 ± 7.3 147.5 ± 29.7 
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Table 5.3 Adjusted R2 determined by distance-based redundancy analysis (db-RDA, 
permutation n = 999). Response variable was a Bray-Curtis dissimilarity matrix for 
bacterial or fungal communities sampled from organic or mineral soils along the winter 
climate gradient. (* P < 0.05, ** P < 0.01, *** P < 0.001 ) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Bacterial 
Organic Soil 
Bacterial 
Mineral Soil 
Fungal 
Organic Soil 
Fungal 
Mineral Soil 
Predictor Adjusted R2 Adjusted R2 Adjusted R2 Adjusted R2 
Snow AUC     0.14**    0.08**     0.14** 0.11** 
Frost AUC      0.18**    0.14**     0.14** 0.00 
Root Biomass     0.00    0.00     0.39** 0.40** 
Soil Temperature     0.06**    0.08**     0.11** 0.10 
Volumetric Water    0.17**    0.18**     0.01 0.01 
Gravimetric Water    0.04**    0.18**     0.12** 0.03 
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Figure 5.1 Soil microclimate along the gradient. The area under the curve (AUC) was 
calculated for snow and soil frost depth measured throughout winter in 2012/13 and the 
relationship between snow versus frost depth AUC is shown for the (a) the organic soil 
horizon and (c) the mineral soil horizon. Mean monthly (b) volumetric water content and 
(d) soil temperature were calculated from daily mean temperatures measured from Dec 
2010 to November 2013.  
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Figure 5.2 Non metric dimensional scaling of Bray-Curtis dissimilarity for bacterial 
communities in (a) organic or (b) mineral soils and fungal communities sampled in (c) 
organic or (d) mineral soils along the winter climate gradient. Permutational ANOVA (n 
= 999) tested the effect and interaction between core type (root exclusion versus root 
ingrowth) and elevation across the gradient. Hollow points are exclusion cores and filled 
are ingrowth cores. Centroids are not displayed to improve figure clarity.  
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Figure 5.3 Relative sequence abundance of fungal (a) trophic modes (plant pathogen, 
mycorrhizae, or saproptroph) in root exclusion or roots ingrowth cores, and (b) distinct 
fungal functional guilds across the climate gradient. Root ingrowth affected (c) 
saprophytic and (d) ectomycorrhizal relative abundance at the lowest (375 m) and highest 
(595 m) elevations sites.  
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Figure 5.4 Net N mineralization rates in the organic soil versus (a) ectomycorrhizal 
relative sequence abundance and (b) the relative sequence abundance of saprophytic 
fungi. Points are plot means. The dotted-line shows the linear trend in ingrowth cores 
only.
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CHAPTER SIX – Summary, Future Research Directions, and Conclusion 
This dissertation summarizes research addressing two overarching themes. The 
first aims to understand whether projected declines in winter snow depth and duration 
due to rising air temperature significantly modify the functional attributes of microbial 
taxa in mixed-hardwood forests of the northeastern U.S. The second aims to determine 
the effects of winter climate change on the distribution of microbial taxa and on root-
microbe interactions and their influence on soil biogeochemical cycles.  
Using a combination of laboratory and field manipulations, I determined the 
direct effects that reductions in winter snow cover have on microbial biomass, potential 
exoenzyme activity, respiration, net N mineralization, and nitrification rates. 
Additionally, I sought to determine the relative role that abiotic (e.g. winter snow cover, 
soil frost, soil temperature, water availability) and biotic factors (e.g. root-microbe or 
microbe-microbe interactions) contribute to changes in soil biogeochemical cycling and 
bacterial and fungal community composition. I briefly summarize the major findings 
from my dissertation and highlight future directions that will advance the field of winter 
climate change research.  
Summary 
To accomplish my first objective, I compared and contrasted the responses of 
microbial biomass, potential exoenzyme activity, respiration, net N mineralization, and 
nitrification rates to a smaller winter snowpack at two sites with differing snowpack 
histories (Chapter 2). Harvard Forest, MA historically experiences substantial inter-
annual variability in snow coverage and Hubbard Brook Experimental Forest, NH 
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typically experiences a continuous winter snowpack. I found that microbial and 
exoenzyme activity were both positively correlated with the depth and duration of the 
winter snowpack at each site. At both sites, the changes in microbial and exoenzyme 
activity were transient and did not persist into the growing season past tree leaf-out. The 
depth and duration of soil frost were negatively correlated with microbial biomass, 
exoenzyme activity and respiration at Harvard Forest, but not at Hubbard Brook. The 
results from Chapter 2 suggest that microbial responses to reductions in winter snowpack 
depend on the current climate at a given location, as well as the extent to which future 
winter climate departs from historical winter conditions. Loss of snow cover results in 
colder soil temperatures only when mean winter air temperature is well below 0 °C 
(Kreyling and Henry 2011), otherwise soil temperature may increase with rising winter 
air temperature in the future. Past snow removal studies have demonstrated that snow 
removal in some cases increases, decreases, or does not affect soil microbial activity 
(Boutin and Robitaille 1995, Groffman et al. 1999, Hentschel et al. 2009). The results 
from our inter-site comparison of snow removal in Chapter 2 imply that site-specific 
responses to snow removal that differ in magnitude or direction might be partially 
explained by the historical climate at a given site. Therefore, as winter air temperatures 
rise and snowpack continues to decline, soil responses observed at only Harvard Forest in 
our current study, may become more common at Hubbard Brook in the future.   
 I collected soils from the CCASE experiment over two years to determine the 
effects of soil freeze-thaw cycles in winter and soil warming in the growing season on 
microbial biomass and activity  (Chapter 3). Some researchers have reduce the winter 
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snowpack to examine the effects of warmer winters on northern forest ecosystem 
processes (Groffman et al. 2001, Templer et al. 2012, Reinmann and Templer 2015), 
while others have applied year-round warming or soil warming in the growing season 
only (Melillo et al. 2002, Contosta et al. 2011, Steinweg et al. 2012). Previously, the 
combined effect of less snow with more frequent soil-freeze thaw events during winter 
and soil warming in the growing season on microbial exoenzyme production, net N 
mineralization, and microbial respiration were largely unknown. I found that soil 
warming increased soil temperature during the growing season in the warmed treatments 
by + 4.9 °C in both 2014 and 2015. But in contrast to my prediction, soil warming did not 
increase exoenzyme activity, net N mineralization, or respiration. Rather, winter soil 
freeze-thaw cycles resulted in two-fold reductions in phenol oxidase activity and 20% 
reductions in peroxidase activity (i.e. oxidative enzyme activity) that was sustained 
throughout the growing season. If these results are representative of future winter climate 
change, soil C and nutrient cycling rates may partially decline, given the association 
between oxidative enzyme activity, recalcitrant soil C decomposition, and net N 
mineralization (Sinsabaugh 2010) 
The objective of Chapter 4 was to separate and attribute direct (e.g. winter snow- 
and soil frost-mediated) from indirect (e.g. root-mediated) effects of winter climate 
change on growing season microbial biomass, the potential activity of microbial 
exoenzymes, and net N mineralization and nitrification rates. I took advantage of a 
natural winter climate gradient at Hubbard Brook and incubated soil cores in the field for 
29 months, which were constructed with nylon mesh that either allowed or excluded root 
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ingrowth. I found that tree roots exert significant control over nitrification rates, which 
declines with loss of snow cover. Should soil freezing intensify over time, greater 
compensatory root growth may reduce nitrification rates directly via plant-microbe N 
competition and indirectly through a negative feedback on soil moisture, resulting in 
lower N availability to trees in northern hardwood forests. 
Chapter 5 extended the findings of the previous chapter by measuring bacterial 
and fungal community composition in root exclusion and root ingrowth cores collected 
from across the winter climate gradient at Hubbard Brook. As expected, I found that 
bacterial and fungal community composition varied by elevation and that roots 
significantly affected the diversity of both communities. Ectomycorrhizal abundance 
increased nearly three-fold in root ingrowth cores at sites with the deepest winter snow. 
Moreover, net N mineralization rates were related positively to ectomycorrhizal 
abundance in root ingrowth cores. Should winter snow cover continue to decline as 
projected, the competitive advantage conferred to ectomyccorhizal fungi by associating 
with tree roots may diminish, as demonstrated by decreased ectomycorrhizal abundance 
at low elevation sites. Thus, as winter air temperature continues to increase, plant roots 
and winter snow depth will interact to influence the distribution of microbial functional 
groups across northern hardwood landscapes, and affect soil nutrient cycling in these 
forests.  
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Future Research Directions 
What is AUC? 
My results in Chapter 2 show that a smaller winter snowpack at Harvard Forests 
leads to more winter soil freeze-thaw cycles and greater soil frost area under the curve 
(AUC), which is correlated to reduced microbial biomass and activity. Similarly, a 
smaller winter snowpack at Hubbard Brook leads to soil frost that persists throughout 
winter and greater soil frost AUC in the snow removal compared to reference treatment. 
Soil frost AUC was not related to microbial activity at Hubbard Brook however, showing 
that soil frost AUC does not fully explain the effect of snow removal on soil microbes. 
Other common metrics, such as total extractable soil water, can be derived from 
measureable factors like soil water potential and soil texture. Metrics like total 
extractable soil water have been applied to improve inter-site comparisons of plant 
response to drought manipulation (Vicca et al. 2012, Vicca et al. 2014). The osmotic 
stress soil microbes experience as soil temperature falls below 0 °C and liquid water 
transitions to solid ice most likely characterizes the actual stress that winter snow 
removal causes on soil microbial physiology (Schimel et al. 2007). Applying a metric, 
like soil water potential at the time of soil freezing or in between soil freeze-thaw events, 
could help shed more light on the patterns observed in Chapter 2 and improve inter-site 
comparisons of microbial responses to snow removal.  
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Winter soil freeze-thaw cycles and abiotic SOM oxidation 
The results from Chapter 3 imply that as winter air temperature rises and snow cover 
continues to decline, increased frequency of winter freeze-thaw cycles will lead to 
reductions in microbial oxidative enzyme activity. The reductions in oxidative enzyme 
activity is an important finding because these enzymes break down lignin in soil organic 
matter (SOM) and their activity is therefore highly correlated with soil C storage 
(Sinsabaugh 2010). Recent studies have shown that the common colorimetric assay used 
to detect oxidative enzyme activity is sensitive to concentrations of soil Fe(II), which in 
the presence of oxygen is also capable of abiotically oxidizing SOM (Hall and Silver 
2013).  Sterilized soils and soil-free solutions containing only Fe(II) maintain high 
oxidative activity as determined by the L-DOPA colorimetric assay (Blankinship et al. 
2014, Hall et al. 2015), showing that abiotic oxidative processes are partially responsible 
phenol oxidase and peroxidase activity patterns measured in ecosystem studies. At 
Hubbard Brook Experimental Forest, Fe(II) concentrations in soil solution decline from 
44% at high elevation sites with deep snow cover to 23% at low elevation sites with less 
snow and more winter soil freezing (Fuss et al. 2011). In addition, soil freeze-thaw cycles 
are known to release dissolved organic C from soils (Matzner and Borken 2008), which 
might reduce the occurrence of organic C catalyzed oxidation of Fe(III) which produces 
Fe(II). Do winter soil freeze-thaw cycles reduce the amount of Fe(II) in soil solution and 
can this abiotic process partially explain the sustained reductions in oxidative activity 
summarized in Chapter 3? Determining whether Fe catalyzed abiotic SOM oxidation is 
affected by winter freeze-thaw could improve our understanding of winter climate change 
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effects on organic matter decomposition and soil C storage.  Reductions in 
ectomycorrhizal abundance (see Chapter 5) associated with greater incidence of soil 
freezing could also explain persistent reductions in oxidative enzyme associated with 
winter soil freeze-thaw. 
 
The importance of sugar maple 
The results from Chapter 4 showed that soil nitrification rates are positively 
related to snow depth (i.e. abiotic driver), but that tree roots (i.e. biotic driver) 
significantly modify this response, reducing nitrification rates at sites that experience a 
deep winter snowpack. Roots had no effect on nitrification rates at low elevation, 
implying that a future that includes warmer winters with less snow and more soil freezing 
will decrease the ability of roots to modify nitrification rates. Because the study was 
conducted in sugar maple dominated stands, it is not clear whether the results from 
Chapter 4 can be generalized to other forests in the northeastern U.S. Sugar maple are 
unique among other common hardwoods found at Hubbard Brook in that the relatively 
low leaf litter C:N ratio and low soil C:N ratio in sugar maple stands each promote higher 
rates of nitrification compared to other hardwood tree species (Dawson et al. 2002, 
Lovett and Mitchell 2004). The future viability of sugar maple in its’ northeastern U.S. 
range is threatened by many co-occurring drivers, including acid deposition, Asian long-
horn beetle, and also winter climate change (Lovett and Mitchell 2004). Sugar maple may 
be replaced by warmer-adapted species (e.g. red maple; Acer rubrum) with less labile 
litter in the next 100 years (Iverson and Prasad 1998, Horsley et al. 2002, Lee et al. 
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2005), suggesting that nitrification rates will decline with higher N retention across 
northern forest landscape during the next century. Future studies should seek to 
determine whether plant roots in other common northeastern forest types also have the 
capacity to modify soil nitrification rates in response to declining winter snowpack.  
Snowpack loss and plant C allocation 
The positive relationship between root biomass ingrowth and soil frost AUC (i.e. 
abiotic driver) observed in Chapter 4 suggests that sugar maple trees re-allocate C and N 
resources from above- to belowground to compensate for increased overwinter fine-root 
mortality, lower root vitality during spring, and decreased root N uptake caused by soil 
freezing (Tierney et al. 2001, Cleavitt et al. 2008, Comerford et al. 2013, Campbell et al. 
2014). It is unlikely that increased canopy C uptake can account for increased root 
production associated with increased soil freezing because snow removal at Hubbard 
Brook has been shown to increase foliar starch and aluminum concentrations in canopy-
leaves, and to also decrease terminal shoot length (Comerford et al. 2013); all indicators 
of declines in canopy-photosynthesis. However, long standing questions that remain in 
winter climate research include whether loss of winter snow effects tree canopy-
photosynthesis, biomass or C accumulation in tree boles (but see Reinmann and Templer 
2015), or non-structural carbohydrate concentrations in woody tissue, following either 
snowpack manipulation or along natural winter climate gradients. 
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Do microbes indirectly effect plant response to snowpack decline 
Although one of the major themes of my dissertation has been to determine the 
effect of winter climate change on root-microbe interactions and their influence on soil 
biogeochemical cycles, this work has been undertaken mostly from the perspective that 
roots indirectly modify the microbial response to snowpack reduction and changes in 
winter soil temperature and soil freezing. However, it is likely that microbes also 
indirectly modify the plant response to snowpack reduction and changes in winter soil 
temperature and soil freezing. For example, the data presented in Chapter 5 show that at 
the highest elevation site there was a 3-fold increase in ectomycorrhizal abundance in 
root ingrowth compared to root exclusion cores. Likewise, higher ectomycorrhizal 
abundance at high elevation was correlated with higher soil N availability and net N 
mineralization rates. These results together could indicate that increased ectomycorrhizal 
abundance enhanced soil N availability at high elevation and increased tree root nutrient 
uptake rates or capacity compared to tree roots at lower elevation sites. Declines in 
ectomycorrhizal abundance and lower soil N availability due loss of winter snow 
coverage would likely magnify reductions in root N uptake caused by increased winter 
soil freezing (Campbell et al. 2014).  
Conclusions 
I found that the direct effects of winter snow removal on microbial biomass, 
exoenzyme production, net N mineralization, and respiration rates were concentrated 
temporally in the period following snowmelt through tree leaf out and that site-specific 
response can be partially attributed to historical climate at a given location. By contrast, 
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winter soil freeze-thaw cycles leads to sustained declines in microbial oxidative enzyme 
activity that are not compensated for by soil warming. Similarly, the indirect effects of 
winter climate change that are mediated by plant roots lead to significant impacts on soil 
function (e.g. nitrification) and community composition (e.g. saprotrophic versus 
ectomycorrhizal abundance) that persist well past the snowmelt period. In summary, I 
have shown here that declining winter snow depth will have significant impacts on soil 
microbial exoenzyme production and community composition, which will be mediated 
indirectly via the effects that winter climate has on tree roots.
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